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ABSTRACT
Microbial degradation of diphenyl ethers was studied 
utilizing several different approaches. The first approach 
was to isolate mutants from a ligninolytic Erwinia b d . by 
conventional mutagenesis and selection. A copper-resistant 
mutant, designated as Erwinia so. CU3614, was isolated and 
characterized to be capable of degrading diphenyl ethers as 
well as one dibenzo-p-dioxin in the presence of copper ions. 
Isolation of Tn5 transposon-induced mutants of Erwinia b d . 
CU3614, which lost degradation ability, demonstrated that in 
all probability a copper-associated activity in the 
biotransformation of aromatic ethers was involved. In order 
to study the degradation at the molecular biological level, 
a 2.1 kb Hind III fragment containing Erwinia s p . doe gene was 
cloned into pUC19 and introduced into Escherichia coli. The 
doe gene encoded the diphenyl ether cleavage activity. The 
expression of doe was detected in E. coli directly on a 
specially designed medium, LTFN, containing 4-nitrodiphenyl 
ether. Mutations generated by transposon mini-Mu dl (lacZ Kmr) 
were used to define the doe coding region, as wel 1 as the 
determination that the lacZ promoter of pUC19 was initiating 
transcription into the doe. A peptide of molecular weight of 
21 kDa was detected as the product of dpe gene in the plasmid 
encoded proteins. To study the activities encoded by the dpe 
gene, resting cell assays were used to determine the 
degradation of diphenyl ethers, utilizing dpe plasmid
v i i i
transformants of E . coll and of a salicylic acid-utilizing 
bacterium, designatad as PE7. Bactarium PE7 was isolatad from 
a patrolsum vasta pit in Louisiana, and idantifiad to ba most 
likaly an Aclnetobacter so.. A broad-host ranga axprassion 
plasmid, pDPE2388, constructed from subcloning doe gena into 
plasmid pKT230 was used to introduce Erwinia so. dpe gene into 
this bacterial isolate PE7. Expression of dpe gene in E. coli 
and PE7 displayed the specificity: 4-chlorodiphenyl ether > 
4-nitrodiphenyl ether > 4-hydroxydiphenyl ether.
ix
CHAPTER I
Introduction and Literature Review
l
2In nature, large amounts of complex organic compounds are 
synthesized every year by biological systems, and 
microorganisms degrade most compounds to maintain the carbon, 
nitrogen, and sulfur balances in the environment. A healthy 
ecosystem can exist only when all its basic elements are 
efficiently recycled. While most naturally occuring compounds, 
even such complex molecules as aromatic, heterocyclic, or 
alicyclic ring system, have always been degraded by bacteria 
or other organisms, a number of man-made chemicals produced 
every year are recalcitrant to decomposition and persist in 
the environment. The accumulation of these compounds gradually 
poisons the global ecosystem and threatens our living 
environment as time progresses. How to eliminate the 
environmental impact of a variety of potentially harmful 
chemicals has become a grave concern of industrialized and 
less developed societies as well. Besides chemistry and 
chemical engineering which provide some approaches to an 
efficient recycling of degradable materials, and waste 
treatment technologies, microbiology and biotechnology will 
play a major role in pollution control. The environmental 
biotechnology consists of developing biological techniques for 
recycling, detoxification, or mineralization of xenobiotic 
compounds and pollutants. Recently, increasing studies have 
been concentrating on the microbial degradation of the major 
pollutants in environments: aromatic compounds and their
derivatives.
3The sourou, Health Iffteta and ratas of Aromatic Coapounds 
in the Bnvironaant
Aromatic compounds balong to a spacial class of 
hydrocarbons becausa of their odor and their low hydrogen to 
carbon ratio, which indicates a high degree of unsaturation. 
A lot of controversy arose in attempts to interpret 
aromaticity (Labarre and Crasnier, 1971; Lloyd and Marshall, 
1972). It is usually put in a narrow definition as compounds 
containing benzene ring(s). In terms of physical properties 
based on energetics, the delocalization of w  electrons in the 
benzene ring forms a stable cyclic resonance energy which is 
not easily destroyed by chemical reactions
In nature, aromatic compounds are mainly synthesized by 
plants and moulds. The composition of essential oil in some 
aromatic plants such as Sideritls raeseri b b p  raeserl contains 
naphthalene as high as 21.8% (Papageorgiou, a1- , 1982).
Different phenolic, and benzoic compounds, or dichlorobenzenes 
were also detected in the essential oils of plants 
(Papageorgiou, ££ al., 1982; Bruns, al., 1982). Perhaps,
the most abundant aromatic compounds exist in plant as lignin 
(Cain, 1980). Lignin is a complex cross linked aromatic 
polymer, which is chemically linked with cellulose to form a 
complex known as lignocellulose (Freudenberg, 1968). It 
comprises from 15 to 35% of the dry weight of vascular plants 
and is second only to cellulose as the major source of reduced 
carbon (Higuchi, 1980; Sarkanen and Hergert, 1971). It is 
estimated that there is 3 x 1011 tons of lignin in the
ubiosphere with approximately 2 x 1010 tons produced annually 
(Sandernan, ftl-# 1983).
Before man started prosperous industrial activities, the 
concentrations of the organic chemicals on the surface of this 
planet remained more or less constant with biosynthesis and 
degradation by the integrated activities of plants, animals 
, and microbes. Since the explosive development of synthetic 
organic chemistry, various organic compounds have been 
globally produced in large quantities. These organic 
compounds, especially chlorinated compounds, have been applied 
consistently into field either in agriculture as germicides, 
insecticides, and herbicides, or in industry as solvents, 
surfactants, plastic packing materials. It is estimated that 
the amounts of global synthetic organic chemicals and 
pollutants is about 2 x 10s tons per year (Hall, 1982). Over 
8 x 10® lb of pesticide products enter our environments 
annually (Aaronson, 1970): and about 336 x 106 to 508 x 106 
tons of waste generated annually in this country are 
considered hazardous (Council on Environmental Quality, 1979) .
Among those synthetic chemicals, most aromatic compounds, 
especially notorious chlorinated aromatics, are generally 
di f f icult to decompose in the environment and become ma j or 
pollutants in the world. In the list of 114 organic priority 
pollutants according to the U.S. Environmental Protection 
Agency, there are 77 aromatic compounds and pesticides 
including 14 aromatics, 16 chloroaromatics, 7 polychlorinated 
biphenyls, 7 nitroaromatics, 16 polynuclear aromatic
5hydrocarbons, and 17 pesticides and metabolites (Keith, fit 
al.. 1979; Patterson, 1985). The term "Xenobiotic Compounds" 
had been defined as compounds with structural features foreign 
to 1 i f e and also as compounds that are released in any 
compartment of the environment by the action of man and 
thereby occur in a higher concentration than natural 
(Hutzinger, 1981). Most synthetic aromatic compounds are 
xenobiotic. Besides their recalcitrance in the environment, 
those pollutants cause very harmful effects to human being and 
the ecosystem owing to their toxicity, mutagenicity, and 
carcinogenicity. Some hazardous aromatic compounds will be 
discussed here.
In herbicides, 2,4-dichlorophenoxyacetic acid (2,4-D) is 
possibly the most widely used of the hormone herbicides. 
However, the toxicity of 2,4-D is not cumulative because the 
herbicide undergoes a slow inactivation in soil principally 
through biological decomposition (Bell, 1957; Evans, fit a l .. 
1971). 2,4-Dichlorophenol (2,4-DCP) is the contaminant in the 
manufacture of 2.4-D. Although 2,4-DCP is not extremely toxic, 
it causes highly objectionable tastes and odors in the waste 
at concentrations as low as 20 micrograms per liter (Faust and 
Aly, 1964). Another herbicide, 2,4,5-trichlorophenoxyacetic 
acid (2,4,5-T), is also used widely, especially for the 
control of bush, jungle, and aquatic weeds ( Motosugi and 
Soda, 1983). 2,4,5-T is teratogenic and has a value for
rats of 300 mg kg'1 (Hay, 1982). Another class of herbicides 
derived from diphenyl ether will be discussed in following
6chapters.
Polychlorinated dibenzo-p-dioxins (PCDD) have been 
recognized as possible contaminants in the manufacture of 
various pesticides and herbicides derived from chlorinated 
phenols. There are 75 isomers of PCDD. Some of them possess 
remarkably toxic, teratogenic, mutagenic, and acnegenic 
characteristics (Buser, 1976; Dobbs and Grant, 1979). One of 
these isomers, 2,3,7,8-tetrachlorodibenzo-p-dioxin (TCDD), 
has been termed the most potent low-molecular-weight toxin 
known to man. For instance, the LDS0 for TCDD in female rats 
is 4 5 fig/kg, whereas that of the octachloroisomer is >106 
Mg/kg. Although the extent of toxicity is related to the 
degree of chlorination, the role of positional isomerization 
is also critical and perhaps the dominant one. 2,3,7,8-TCDD 
is at least 800 times more toxic than 1,2,3,4-TCDD (Dobbs and 
Grant, 1979). Historically, TCDD has been associated with any 
process that uses 2, 4,5-trichlorophenol as starting material. 
In the herbicide agent orange which is a 50/50 mixture of
2,4,5-T and 2,4-D, the average dioxin content of the mixture 
is 1.91 ppm by weight (Kearney, , 1973)
Polychlorinated biphenyls (PCBs) have been used in industry 
for nearly fifty years and, as a consequence, became widely 
distributed in the environment. The physical and chemical 
properties that make PCBs desirable industrial chemicals are 
their excellent thermal stability and their strong resistance 
to acidic, basic and corrossive chemicals (Furukawa, 1982). 
They are mainly used as transformer oils, capacitor
7di«l«tric8, heat transfer fluids, hydraulic lubricants, 
plasticizers, waxes, and pesticide extenders (Fishbein, 1972) . 
The widespread and persistent pollutions of PCBs have caused 
increasing concern and are recognized to be among the most 
abundant of the chlorinated aromatic hydrocarbon in the global 
ecosystem as well as DDT (Risebrough, al. , 1968) . The
toxicology of PCBs including acute and subacute toxicity, 
reproductive effects, mutagenicity effects, biochemical 
functions, and metabolism have been studied (Kimbrough, 1975 
and 1978). Pentachlorophenol (PCP), another notorious 
chlorinated aromatic compound, is used throughout the world 
as biocides such as herbicides, algicides, molluscides, and 
disinfectants. Most PCP is used by the wood preserving 
industry (Kaufman, 1977). PCP appears to accumulate within 
food chains (Lee, fit Al*, 1977) and is mutagenic or
comutagenic (Dougherty, # 1977).
Polyaromatic hydrocarbons (PAH) are found throughout the 
environment. They can be synthesized by bacteria and plants 
in nature or formed from natually-caused brush or forest 
fires. However, inefficient combustion of fuels used in 
residential or industrial heating, highway vehicle, and 
agricultural wastes is the major sources of PAH. In the United 
States, fossil fuels provide more than 90% of the nation*s 
energy and are the primary technological source of PAH 
(Pucknat, 1981). Polycyclic aromatic compounds such as 
benzo[&]pyrene have proven to be carcinogenic in a large 
number of animal species including man. The toxic,
8teratogenic, and mutagenic effecte in humans exposed to PAH 
from ingestion, inhalation, or dermal absorption have also 
been reported (Pucknat, 1981; Grimmer, 1983).
Two types of processes, transport and transformation, 
affect the fate of aromatic compounds in nature. Transport 
processes such as dispersion, sorption, volatilization, and 
bioaccumulation only alter the physicochemical form, while 
transformational processes such as oxidation, photolysis, 
metabolism and microbial degradation result in alteration to 
a different chemical species (Pucknat, 1981). In the aquatic 
environment, aromatic compounds can be transported to streams 
and oceans, and accumulate in biota or in sediments depending 
on their solubility in water. Whereas sediments probably 
constitute the most significant long-term storage site, losses 
from an aqueous system include evaporation, tidal and riverine 
flushing, and microbiological decomposition (DiSalvo, 1975).
In soil system, the fate of aromatic compounds is 
influenced by the interrelation of macrofeatures (texture, 
structure, and density), the humic nature of the surface 
horizons, and the four components of soil (solid, liquid, 
gaeseous, and living) (Pucknat, 1981). Adsorption of organic 
chemicals in soil is largely due to the soil organic matter 
(Hamaker and Thompson, 1972). Contamination of groundwater by 
leaching of organic chemicals through soil is an environmental 
concern (Hamaker, 1975). The biodegradation of aromatic 
compounds by soil microorganisms is the most important process 
in decomposition and will be discussed separately. In the
9atmosphere, aromatic compounds arm associated with particulate 
matter, especially soot. They are removed either by 
gravitational settling or washout by rain. However, the major 
mode of aromatic compounds removal from the atmosphere is 
through chemical reactions, for example, photooxdation is 
probably one of the most important processes in atmospheric 
removal of PAH (National Academy of Science, 1972).
Aromatics, especially hazardous pollutants, can be 
destroyed by chemical, physical, or biological techniques in 
industrial waste treatment. Incineration is probably the most 
popular and efficient method to be used for total destruction 
of chemicals. Chemical treatments including oxidation, 
chlorinolysis, and neutralization have also been applied in 
the decomposition of chlorinated aromatic compounds. 
(Youngson, fit fil. , 1982) . Currently, the only legal method for 
disposal of liquid PCBs and TCDD is combustion in a high- 
efficiency incinerater. The destruction of PCBs is 99.9999% 
at 1,200° C for 2 sec dwell time (Senkan, 1982)
Niorobial Degradation of Aromatic Compounds
The degradation of aromatic compounds by microorganisms 
is the most important process in the decomposition of these 
chemicals. Bacteria and fungi show diversity in their ability 
to use different organic molecules as sole carbon source. Some 
organisms are able to mineralize aromatic hydrocarbons 
completely to carbon dioxide and water and use them as carbon 
and energy source. Others are not able to carry out the
10
complete oxidation of aromatics, but thay usa othar substrata■ 
for growth and partially aatabolize aromatic hydrocarbons into 
various oxygenated matabolitas through * cooxidation" (Gibson,
1977).
Monocyclic aromatic hydrocarbons such as benzene can be 
degraded and used as sole carbon source by many bacterial 
species. Initial reactions involve the introduction of two 
hydroxyl groups, through a dihydrodiol intermediate, into the 
aromatic nucleus at either ortho (as in catechol) or as para 
(as in gentisic acid) position (Gibson, 1977). Catechols can 
undergo enzymatic cleavage between the hydroxyl groups (ortho­
cleavage) or adjacent to one of the hydroxyl groups (meta- 
cleavage) .
Several species of bacteria are able to partially or 
completely metabolize some PAH. Initial reactions of 
degradation are similar to the benzene conversions. 
Naphthalene is oxidized by Pseudomonas putida and certain 
other species to cis-1,2-dihydroxy-l,2-dihydronaphthalene 
(Jerina fit al. , 1971). The dihydrodiol is next oxidized to
1, 2-dihydroxynaphthalene. Ortho-cleavage of the dihydroxylated 
benzene ring yields salicyclic acid which is then degraded 
through catechol to carbon dioxide and water. As to other 
higher molecular weight PAH including the carcinogens, benzo 
(fi] pyrene (Bap) and benzo [a] anthracene, most are inadequate 
sole carbon sources for microorganisms although co-oxidation 
could be found in several species of bacteria (Dean-Raymond 
and Bartha, 1975). It appears that cis-hvdroxvdation is the
11
principal mechanism for the commencement of PAH dagradation 
(Gibson, 1977). Tha oxidation of Benzo [a] pyrana to cia-9.10- 
dihydroxy-9,10-dihydrobenzo [fl] pyrana and cis-7.8-dihvdroxv- 
7,8-dihydrobenzo [Al pyrana vaa obaarvad in a autant iaolatad 
from Beiierinckia b d . by Gibaon a£ Al* (1975). Wild-type 
Beiierinckia b p . vaa abla to furthar dagrada tha dihydrodiola 
by ring fission. Studies on tha metabolism of fluoranthrene 
and Bap by several apecias of Pseudomonads showed that the 
degradation required oxygen (Barnsley, 1975). The presence of 
cyanide in the culture medium enhanced the degradation of 
fluoranthrene but not Bap. Since cyanide inhibits the enzyme 
superoxide dismutase, the superoxide radical is thought to be 
involved in fluoranthrene hydroxylation.
Because of the complex nature of lignin, the ability to 
degrade lignin seems restricted to basidiomycete and 
ascomycete fungi, and some bacteria (Prince and stiefel,
1987). The brown-rot and soft-rot fungi can demethylate 
phenolic components of lignin, but cannot completely oxidize 
it to C02. However, the white-rot fungi such as Phanerochaete 
chrvBosporlum and Coriolus versicolor, are able to oxidize 
60-70% of lignin to C02 and H20 (Leisola Al* » 1985) . Several 
bacterial species, such as actinomycete Streptomvces 
viridosporuB. are also capable of metabolizing lignin but 
rather less voraciously (Crawford, fli,. , 1982).
P. chrvsofiporium is currently the most widely studied 
lignin-degrading organism. It produces at least two 
extracellular heme peroxidases that are involved in lignin
12
degradation (Gold, fit, al., 1984; Tian and Kirk, 1984).
Tha isolated paroxidaaa catalyzes, nonataraoapecifically, 
aavaral oxidations in tha alkyl aida chaina of lignin-related 
compounds as wall as phanols (Tian and Kirk, 1984). Sama heme- 
containing anzymes ara parhaps involvad in tha aromatic ring 
claavage of small phenolic spacias such as B-biphenyl ether 
dimer (Umezawa and Higuchi, 1985; Leisola, fit A1*» 1985; Miki, 
et a l . . 1987). Similar lignasaa ware also found in
Streptomvces s p d .. There were four extracellular peroxidase 
isozymes which have some similarities to heme peroxidases in 
fungi, and all catalyzed the oxidation of 3,4- 
dihydroxyphenylalanine, while one also catalyzed hydrogen 
peroxide-dependent oxidation of homo-protocatechuic acid and 
caffeic acid (Ramachandran, fit al ■, 1987). A CO-dependent £- 
demethylating enzyme system that could convert syringate to 
gallate or 5-hydroxyvanillate was found in an acetogen 
Clostridium thermoaceticum (Wu, fit al. , 1988). It was also
demonstrated that a Ca-Ct splitting mechanism is involved in 
the degradation of aryl-alkyl ethers lignin model compounds 
by Pseudomonas cepacia 122 (Odier and Rolando, 1985)
In contrast to natural aromatics, such as phenol, 
aniline, benzene and salicylate, the chlorosubstituted 
aromatics are xenobiotics which resist attack by soil 
population. However, recently, chloroaromatics degrading 
strains were isolated from Pseudomonad. Alcaliaenes. 
Arthobacter. and other genera (Dorn and Knackmuss, 1978a; Don 
and Pemberton, 1981; Ruisinger, fit fil*, 1976; Klages and
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Lingens, 1979). Tha number and position of chlorlns atoms in 
the chloroaromatics determine, to a large extent, the 
biodegradability of the compound (Chakraberty, 1982). Among 
them, the widely used pesticide, pentachlorophenol, has been 
considered as one of the most refractory compounds of 
chlorophenol family. Although pentachlorophenol is somewhat 
resistant to biodegradation, several pentachlorophenol 
degrading bacteria were Isolated from the genera Arthobacter. 
Pseudomonas. and Flavobacterlum (Stanlake and Finn, 1982; 
Watanabe, 1973; Crawford and Mohn, 1985).
While most substitution groups of aromatic compounds are 
always eliminated by the first catabolic reaction, initial 
dehalogenations of chlorinated aromatic compounds have rarely 
been found (Boyd and Shelton, 1984; Shailubhai, a l . 1983). 
Thus, most of the described strains degrade chloroaromatics 
via 3- and 4- chlorocatechol by a modified ortho-cleavage 
pathway (Dorn and Knackmuss, 1978b) . The cleavage of 3- 
chlorocatechol by meta-cleavage enzymes usually results in a 
suicide mechanism which inactivates the enzyme (Bartels, £& 
a l .. 1984). Nevertheless, a two component enzyme system from 
Pseudomonas so. strain CBS 3 had been found to have both 
oxidation and dehalogenation activities against 4- 
chlorophenylacetate. This enzyme is involved in the 
elimination of chlorine substituent before the cleavage of the 
aromatic nucleus. Besides, when this strain was grown with 4- 
chlorophenylacetic acid, homoprotocatechuic acid was found to 
be an intermediate which was further metabolized by meta­
14
cleavage pathway (Klages, it fll>» 1981; Harkua, ft i l . ( 1984).
Catechol 1,2-dioxygenase, tha initial enzyme of tha beta- 
katoadipata pathway (ortho-cleavage), vaa purifiad froa
Acinetobacter calcoacetlcus (Patel, fit A l-, 1976),
Bravibacterium fascum (Nagami and Sanoh, 1974), and Phizobium 
trifolil (Chan, At Al- , 1985). Dihydrodihydroxybanzoata
dehydrogenase, catechol 1,2-dioxygenase, and auconate 
eyeloisomerase activities wars also found in tha aatabolism 
of chloroaromatics in bacteria (Hartmann, 1979).
Chlorinated phenoxyalkanoate herbicides, such as 2,4-D,
2,4,5-T, and 4-chloro-2-methylphenoxyacetic acid (MCPA), are 
moderately persistent in soils. In general, 2,4-D disappears 
more rapidly than other phenoxyacetates after application to 
soil (Loos, 1975) . Many soil microorganisms are capable of
degrading phenoxyacetate herbicides. Usually, these 
phenoxyacetate herbicide degrading organisms can be isolated 
from historical herbicide contaminant sites or adaptive soil 
microflora by an artifical enrichment through successive 
dosing of herbicides (Evans, fit Al-, 1971; Bell, 1957; Beadle 
and Smith, 1982) . It was shown that the enzyme system 
mediating the degradation of 2,4-D was inducible (Loos, At 
al. , 1967). The herbicide 2,4,5-T is more resistant to
degradation than other phenoxyacetate herbicides, possibly due 
to in part to the chlorine atom in the meta position on the 
aromatic ring of this compound (Alexander and Aleem, 1961). 
However, a strain Pseudomonas cepacia which could use 2,4,5- 
T as sole carbon source was isolated by Chakrabarty, fit al.
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(1982). The degradation of 2,4,5-T by bacteria through co­
ox idative metabolism was also observed in Brevibacter1u» and 
Pseudomonas (Horvath, 1971; Rosenberg and Alexander, 1980).
In the degradation pathway of 2,4-D outlined by Tidje, 
at a l . (1969), 2,4-D was first converted to 2,4-
dichlorophenol, which was subsequently converted to 3,5- 
dichlorocatechol, cis. cls-2.4-dichloromuconic acid. 2-chioro- 
4-carboxy-methylene-but-2-enolide, Chloromaleylacetic acid, 
and succinate. An ortho-fission mechanism was involved in ring 
cleavage, which resulted in the formation of dichloromuconic 
acid. 2,4-Dichlorophenol hydroxylase, an enzyme involved in 
the bacterial degradation of 2,4-D was purified separately 
from Acinetobacter and Pseudomonas putIda 3CB5/pJP4 (Beadle 
and Smith, 1982; Liu and Chapman, 1984). While the enzyme 
purified from Acinetobacter consisted of four subunits of 
identical size and had a relative molecular mass of about
240,000, the enzyme purified from Peuaomonas putida 3CB5/pJP4 
consisted of non-identical subunits, MW 67,000 and 45,000, 
respectively. However, both purified enzymes were flavoprotein 
containing FAD as prothetic group, NADPH or NADH dependent, 
and showed broad specificity to various substituted phenols.
Several microorganisms have shown the ability to degrade 
PCBs. Usually, congeners of PCBs with either five or more 
chlorines have been considered resistant to bacterial 
degradation (Furukava, 1982). However, pure cultures of 
Alcaliaenes Y42, Acinetobacter p6 (Furukava, 1978; 1979),
Corvnebacterlum MB1, and Alcaliaenes eutronhus H850 (Bedard,
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1984) degrade conganara containing up to five chlorine atoms. 
Degradation of at least one congener containing six chlorines 
by Pseudomonas sp. was also reported (Sayler, 1977). Recently, 
an aerobic bacteria. Pseudomonas strain LB400, was isolated 
from a PCB-contaminated site. This bacterium was demonstrated 
to degrade a broader spectrum of PCB congeners from two to six 
chlorines (Bopp, 1986). A probable pathway for the degradation 
of PCBs was proposed by Furukawa At s i . (1979) . In the 
proposed metabolic sequence of PCBs by Alcaliaenes s p . Y42 and 
Acinetobacter so. P6, two atoms of molecular oxygen were first 
incorporated into the 2 * and 3' positions of the less 
chlorinated ring, and a cis-dihydrodiol compound was produced 
via a cyclic peroxide. Then, this cis-dlhvdrodiol compound was 
dehydrogenated to yield a 2', 3 '-dihydroxy compound following 
by a meta-cleavage at 1' and 2* positions. A yellow product 
was formed and rapidly converted to chlorinated benzoic acids.
Few microorganisms capable of degrading dibenzo-p- 
dioxins, especially TCDD, have been observed. Even in these 
strains exhibiting any ability to detoxify TCDD, the 
efficiency of degradation was very low (Philipp, 1981). A 
naphthalene growing strain, Psudomonas b p . N.C.I.B. has been 
shown by Klecka (1979) to oxidize cls-1,2-dihydoxy-l,2- 
dihydrodibenzo-p-dioxin to 1,2-dihydroxy dibenzo-p-dioxin. 
However, further degradation of this metabolite was not 
detected. The same research group also demonstrated that a 
biphenyl utilizing organism, Beiierinckia sp. . and its mutant 
could co-metabolize monochlorinated dibenzo-p-dioxins to cis-
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dihydrodiols (Klecka, 1980) . Furthermore, two TCDD degrading 
bacteria, Mocardlopala idd. and BttClllUB BgqfltBrlUB, ware 
isolated from f a n  soil that consistently showed a low level 
of TCDD degrading activity (Quensen and Hatsusura, 1983). The 
degree of metabolism was strongly dependent on the solvent 
used, with ethyl acetate giving the best results. It was shown 
that the metabolism of dibenzo-p-dioxin by Pseudomonas bpp. 
and of dibenzo-p-dioxin or monochlorinated isomers by 
Beilerlnckia b p p . involved a dioxygenase (Klecka, 1979; 1980). 
Neverthless, in the degradation of TCDD, all possible sites 
of attack by a dioxygenase are blocked by chlorine 
substituents. This may be the reason why TCDD is generally 
resistant to microbial degradation. Quensen and Matsumura 
(198 3) suggested that the degradation of TCDD by Kocardiopsls 
s p p . and B. meaaterium most likely involved a monooxygenase 
and a cytochrome p4 50.
Genetic Aspects of Biodegradation of Aromatic Compounds
In studies of microbial degradation, most microbiologists 
tend to use pure cultures of distinct species, well defined 
medium, and laboratory conditions. However, microbial 
communities and cometabolism of organic substrates play an 
important role in nature. The application of a unique strain 
to the bioremediation in the field is then very limited and 
impractical, owing to the fact that a single growth substrate, 
usually recalcitrant compound, should be utilized as the only 
carbon source. How to construct a new stain that can adapt the
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natural •nvlronncnts and is superior to compete with other 
organisms is becoming the major approach to solve this 
problem. Conventional methods of genetic transfer: 
conjugation, transduction, or transformation, have been 
successfully applied for this purpose. Genetic engineering is 
another powerful means of accelerating the evolution of new 
biological activities and has considerable potential for 
constructing microorganism that can degrade environmental 
pollutants. The construction of bacteria with the potential 
to degrade recalcitrant xenobiotics requires a detailed 
understanding not only of the biochemistry and enzymology of 
degradative pathways in saprophytic bacteria, but also of the 
physical organization of the relevant genes. Recently, the 
developments of broad-host-range plasmids, the transposon 
mutagenesis, and the gene cloning methods have greatly widened 
the genetic research in the area of biodegradation.
Plasmids play a major role in the microbial degradation 
of aromatic compounds. Many plasmids have been isolated and 
their involvement in the degradation of aromatic compounds 
have been demonstrated (Farrell and Chakrabarty, 1979). They 
govern the metabolism of a diverse group from toluene (TOL, 
Mglroie, fit fii-, 1977), naphthalene (NAH, Farrell, fit fil* ,
1978), salicylate (SAL, Farrell, fit A1* # 1978), and fi-
chlorobiphenyl (pAC21, Kamp and Chakrabarty, 1979). 
Degradative plasmids may encode a complete degradation pathway 
such as toluene or partial degradative steps such as 
naphthalene to salicylate, 2,4-D to 2,4-dichlorophenol, or PCB
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to p-chlorobenzoate (Farrell and Chakrabarty, 1979).
Tha original TOL plasmid, pWWO, encodes a pathway for 
catabolism of at least three aromatic hydrocarbons: toluene, 
1 - and p-xylenes, by oxidation of a methyl substituent to a 
carboxylic acid followed by oxidative ring-cleavage via the 
meta pathway to central metabolites (Williams and Murray, 
1974). It was found that the toluene degrading (xyl) genes on 
pWWO plasmid are located in the 56-kilobase (kb) transposon 
Tn4651 (Tsuda and lino, 1987), and this element is in turn 
included within a 70-kb transposon Tn4653 (Tsuda and lino,
1988). Both transposons Tn4651 and Tn4653 are class II 
transposons, members of the Tn 3 family (Tsuda, ll al. , 1989).
Since the identification of pWWO, the same metabolic 
pathway has been found to be encoded by a number of physically 
distinct plasmids (Williams and Worsey, 1976; Duggleby, fit 
Al- , 1977). The enzymes involved in the TOL metabolic pathway 
are organized in two regulons, associated respectively with 
the oxidation of the methyl group (xvlABCl and the further 
oxidation of the carboxylic acids fxvlDEFG). There are two 
regulatory genes, xvlR and xylS: xvlR is involved in the
induction by the hydrocarbons of both regulons, and xvlS in 
the induction of xvlDEFG by the carboxylic acids (Williams, 
1981).
Pemberton and his collaborators have isolated serial 
plasmids associated with the catabolism of 2,4-D and MCPA 
(Fisher al., 1978; Don and Pemberton, 1981). The isolated 
2,4—D degradative plasmids fall into two classes on the basis
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of th«ir biophysical and genetic properties. Tha first group, 
conposad of pJP3, pJP4, pJP5, and pJP7, has baan shown as the 
IncPl incompatibility group. Besides their broad host range, 
tha IncPl 2,4-D degrading plasmids also confer tha ability to 
degrade m-chlorobenzoate and resistance to mercury (Don and 
Pemberton, 1981) . The second group of 2,4-D degrading plasmids 
do not belong to the IncPl incompatibility group, although 
they posses the ability to degrade phenoxyacetic acids.
The biophysical and genetic map of pJP4 has been 
constructed to localize genes encoding the degradation of 2,4- 
D, 3-chlorobenzoate (3CB) , and MCPA, and resistance to mercury 
(Don and Pembeton, 1985}. By the use of cloning, transposon 
mutagenesis, Don and Pemberton demonstrated that a single 
insertion inactivated both 2,4-D and 3CB degradative 
abilities. They suggest that these pathways were convergent, 
and the insertion is into the gene encoding the degradation 
of chlorocatechol which is common to both pathway. 2,4-D 
degrading genes, tfdA. tfdB. tfdC. tfdD. tfdE. and tfdF. and 
a negative control gene, tfdR of pJP4 have been cloned and 
localized by several groups (Don, fit fil., 1985; Streber, fifc
1987; Harker, fit ai- , 1989). Biochemical studies revealed 
these genes, tfdA. tfdB. tfdC. and tfdB. encode 2,4-D 
m o n o o x y g e n a s e ,  2 , 4 - d i c h l o r o p h e n o l  h y d r o x y l a s e ,  
di chlorocatechol 1, 2 - d i o x y g e n a s e , chloromuconate
cycloisomerase, and chlorodienelactone hydrolase, 
respectively. Recently, a second copy of 2,4-D monooxygenase 
gene, tfdAII. was also found to be clustered with genes
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tfdBCDEF on pJP4 (Porkins and Lurquin, 1988).
Gone a ancodlng th« degradation of a r o u t l c  compounds have 
also been cloned from chromosome of different bacteria 
(Weisshaar, at al-/ 1987; Neidle, a l . 1987; Aldrich and
Chakrabarty, 1988; Kukor, ti ftl*. 1988; Jenkins and Cooper, 
1988). The genes for the complete catabolism of 3- 
chlorobenzoate from Pseudomonas sp. strain B13 (Weisshaar, at 
a l .. 1987) are clustered on a segment of DNA not larger than 
11 kb. This is similar to the discovery in plasmid pJP4 (Don, 
at Al- , 1985) and in Acinetobacter calcoaceticus (Neidle, at 
a l ., 1987) , and further supports the proposal that genes
specifying biodegradation pathways are clustered. In the 
studies of homoprotocatechuate (hpc) catabolic pathway genes 
of E. coll C , a regulatory gene, hocR, was found to be 
involved in the expression of two closely linked operons, 
hpcBCDEF and hpeGH (Jenkins and Cooper, 1988). However, the 
benzoate catabolism genes of Acinetobacter calcoaceticus are 
organized in fewer than three transcriptional units with 
independently regulated genes. This kind of arrangement, 
termed supraoperonic clustering has been observed previously 
in pseudomonads (Neidle, at al., 1987).
Clustered genes of catA and catBC were also found in a 
9.9 kb fragment which had been cloned from a gene bank of the 
Pseudomonas aeruginosa PAOlc chromosome (Kukor, at al*/ 1988). 
The catA. catB. and cate genes encode enzymes that catalyze 
consecutive reactions in the catechol branch of the beta- 
ketoadipate pathway; catA. catechol-1,2-dioxygenase; catB.
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cis,cls-auconata lactonizing enzyme; and cate, zuconolactone 
iaomerasa. It has bsan shown that tha catBC ganas ara tightly 
linked and ara transcribad fros a singla proaotar that is on 
tha 5* sida of catB. and catA is approxiaataly 3 kb froa catB. 
The lack of constitutiva axprassion and inducibla rasponse of 
the cloned cat ganas suggestad positiva ragulation of the P. 
aeruginosa catA and catBC cluster. Positively regulated 
promoters ware also found in other aroaatic degradative genes 
such as napAG. xvlCAB. and xvlDEGT (Aldrich and Chakrabarty, 
1988). Neverthless, the promoter of catBC operon in 
Pseudomonas putida must be activated in the presence of an 
inducer, cis, cis-muconate, for effective transcription of the 
operon. Host of the similarities found between positively 
regulated Pseudomonas promoters are confined to the -7 to -12 
region.
Bacteria like Pseudomonas usually do not open the benzene 
ring unless two hydroxyl groups have been introduced in cis 
into the benzene nucleus. Thus, the reactions which prepare 
the ring for fission are necessary in the degradation of 
aromatic compounds. For example, dealkylation of phenolic 
ethers is effected by monooxygenases. In these two- or three- 
component enzyme systems, the electron flow from NADH to the 
oxygenase is mediated via short electron transport chains 
(Dagley, 1966). The oxygenases themselves fall into two 
groups: iron sulfur proteins, as 4-methoxy-benzoate
demethylase (Bernhardt, fit al. > 1975), and cytochrome P450-
like enzyme, as in the demethylation of guiaicol (Dardas, at
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a l .. 1985) and isovanillate (Cartwright and Broadbant, 1974). 
Recently, genes involved in the deaethylation have been cloned 
from Pseudomonas (Brunei and Davison, 1988) and Erwinia
(Srinivasan and Cary, 1987). A gene cloned from Erwinia s p p .
encodes function of arylether cleavage and confers the
transformed host strain, E. coll CS412, activities for
converting vanillin and vanillic acid to catechol. It has been 
proposed that two proteins are involved in the demethylation 
of vanillate (3-methoxy-4-hydroxybenzoate) to protocatechuate 
(3,4-dihydroxybenzoate). This was further supported from a 
cloned Pseudomonas sp. DNA fragment which carries two genes 
(vanA and vanBl encoding for vanillate demethylase. vanA and 
vanB are predominantly cotranscribed from a promoter upstream 
of vanA. A search of the protein sequence data bank indicated 
that the vanB gene product was related to the ferredoxin 
family (Brunei and Davison, 1988).
The PCB-degrading genes have been cloned from Alcaliaenes 
eutrophus H850 (Mondello, 1989b) and Pseudomonas strain LB400 
(Mondello, 1989a) which are able to degrade an unusually wide 
variety of PCBs. Genes bDhA. fi, £, and £, encoding biphenyl
2,3-dioxygenase, dihydrodiol dehydrogenase, 2,3- 
dihydroxybiphenyl dioxygenase, and 2-hydroxy-6-oxo-6- 
phenylhexa-2,4-dienoic acid hydrase, respectively, are 
localized as a cluster in a 12.4 kb region of Pseudomonas 
strain LB400 chromosome DNA.
Although dehalogenation of haloaliphatic compounds is 
known to exist in bacteria (Weightman, fit al- , 1982; Kawasaki,
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at a l ., 1984), dehalogenation of haloaromatic compounds is not 
common. Thus, most bacteria which use haloaromatics eliminate 
the halogen atom after ring cleavage (Weightman, At a l , 1984; 
Reineke, At Al., 1982; Reber, At Al*» 1980). However, the
degradation of 4-chlorobenzoate (4-CBA) by Pseudomonas so. 
strain CBS3 is thought to proceed first by the dehalogenation 
of 4-CBA to 4-hydroxybenzoate (4-HBA), which is then 
metabolized following the protocatechuate branch of the B- 
ketoadipate pathway (Keil, At Al*, 1981). Recently, the
studies of a 9.5 kb fragment cloned from the chromosome of 
this strain revealed that more than one gene product are 
involved in the dehalogenation (Savard, At Al* t 1986).
Reineke and Knackmuss (1979) first introduced the idea 
of constructing catabolic pathways for the mineralization of 
haloaromatic substrates. They constructed a catabolic pathway 
for the mineralization of 4-CBA in Pseudomonas b p . B13 by
introduction of the TOL-plasmid, encoding enzymes catalyzing 
degradation of toluene, xylenes, toluates, and related 
aromatic hydrocarbons into that strain. Since then, several 
experiments have been carried out to extend the range of 
substrates utilized by bacteria. Bacteria of similiar 
construction have been shown to acquire the hybrid pathways 
to degrade chiorobenzoates (Chatterjee and Chakrabarty, 1982) , 
chlorophenols (Schwien and Schmidt, 1982), chlorotoluates, and 
chloronaphthalenes (Lui and Chapman, 1983). Recently, critical 
enzymes from f ive di f ferent catabolic pathways of three 
distinct soil bacteria have been combined in patchwork fashion
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into a functional ortho cleavage routa to construct a naw 
atrain for tha dagradation of methylphenols and 
methylbenzoates. Thia conatructad bacterium ia abla to 
circuavant tha misrouting of catachol darivativaa and grow on 
mixture of chloro- and methylaromatics that wara toxic avan 
for the bacteria that could degrade tha individual components 
of tha mixturaa (Rojo, it al. , 1987). As mentioned previously, 
chlorocatechola ara metabolized by ortho claavaga pathways, 
whereas methylcatechols generally follow a meta cleavage 
route. Ortho cleavage of methylaromatics and meta cleavage of 
chloroaromatics will form dead-end products that constitute 
sucide substrates for the next enzyme in tha pathway (such as
3-chlorocatechol for the meta cleavage enzyme).
Besides the introduction of plasmid encoding catabolic 
pathway, construction of hybrid pathway can also be achieved 
by mating two strains of different substrates-utilizing 
capabilities. For example, hybrid strain which can use 
chlorobenzene as the growth substrate, was obtained by mating 
the benzene-growing Pseudomonas putida strain F-l with strain 
B13, a Pseudomonas s p . degrading chlorocatechols (Oltmanns, 
et a l ., 1988).
The following chapters describe our approach to use 
bacteria in the degradation of diphenyl ethers, one of the 
groups of aromatics which exist in naturally-occuring lignin 
and man-made herbicides. The studies began by isolating a 
copper-resistant mutant, Erwinia s p . CU3614, which has been 
demonstrated to degrade diphenyl ethers in the presence of
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copper ion. With a specially designed Medium, LTFN, containing 
4-nitrodiphenyl ether, a gene (dot) encoding diphenyl ether 
cleavage was then cloned from genomic DNA of this mutant and 
expressed in Escherichia coli. A plasmid was further 
constructed by subcloning this dps gene into a broad-host 
range plasmid pKT230. This constructed plasmid pDPE2388 was 
then introduced into an isolated salicylic acid utilizing 
bacterium PE7 to analyze the expression of the dS2fi gene.
CHAPTER II
Biodagradation of Diphanyl Ithara by a Coppar 
Raaiatant Mutant of Brwinia »p .
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8UHHARY
A bacterium tentatively identified as an Erwinia s p . was 
isolated from sewage by enrichment on methanol and 1ignin. 
Several mutants developed from this strain were studied for 
their ability to degrade aromatic ethers. Different 
concentrations of the chemicals were incubated with the 
organisms and the degradation was estimated quantitatively by 
High-Performance Liquid Chromatography (HPLC). Among these 
mutants, one isolate, Erwinia s p  strain CU3614, showed 
resistance to copper ions (> 20 mM of CuS04) and the ability 
to degrade 4-hydroxydiphenyl ether (4-HDPE), 4-chlorodiphenyl 
ether (4-CDPE), 4-nitrodiphenyl ether (4-NDPE) and
2,7-dichlorodibenzo-p-dioxin (2,7-DCDD) in the presence of 
copper ions. Increased concentrations of copper in the medium 
resulted in higher degradation of 4-HDPE. Further studies with 
copper-sensitive mutants obtained from Erwinia so. CU3614 by 
Tn5 transposon-induced mutagenesis showed a corresponding 
decrease in the ability to degrade 4-HDPE. These experiments 
suggested the presence of a copper-associated activity in the 
biotransformation of aromatic ethers.
INTRODUCTION
Next to cellulose, 1ignin is the second most abundant 
organic polymer on earth, comprising about 25% of the woody 
tissues in plants. It is a complex and heterogeneous polymer 
of phenyl propane units bound covalently, mainly through three 
different linkages: aryl-alkylether, aryl-arylether and
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diphenyl (Alder, 1977). Degradation of lignin by 
Microorganisms is hindered by the unique polyphenolic 
structure of 1ignin. Similar recalcitrant molecules also 
include lignin-derived compounds or other xenobiotic aromatic 
compounds such as diphenyl ethers or dibenzo-p—dioxins.
Highly toxic chlorinated dibenzo-p-dioxins have been 
recognized as possible contaminants in the manufacture of 
certain herbicides and pesticides. The degradation of 
xenobiotic aromatic compounds, especially chlorinated 
dibenzo-p-dioxins is inefficient (Kearney, al. , 1973; Hard 
and Matsumura, 1978). A number of soil microorganisms were 
screened for their ability to degrade u C-labeled 
2,3,7,8-tetrachlorodibenzo-p-dioxin (TCDD). Only a few of them 
were capable of degrading this compound after prolonged 
incubation (Matsumura and Benezet, 1973). Co-oxidation of 
dibenzo-p-dioxin to cis-1.2-dihvdroxv-l.2-dihydrobenzodioxin 
and 1,2-dihydroxy-dibenzodioxin by a Pseudomonas s p . was 
reported by Gibson and his collaborators (Klecka and Gibson, 
1979) . They also demonstrated that a mutant strain of a 
Beiierinckia b p . oxidized monochlorinated dibenzo-p-dioxin to 
cis-dihvdrodiols (Klecka and Gibson, 1980). Recently, a 
ligninolytic basidiomycete Phaenerochate chrvsosporlum has 
been reported to degrade TCDD, DDT and lindane (Bumpus Al. , 
1985) .
We have been interested in the characterization of 
aromatic ether cleavage systems of ligninolytic bacteria. 
Since diphenylethers or dibenzo-p-dioxins are aromatic ethers,
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it was of intarsst to invastigata tha potantial degradation 
of such compounds. A ligninolytic bacterium which was 
isolated by a novel enrichment technique from sewage and 
identified as Erwinia s p . showed ability to degrade such 
lignin-derived aromatic ethers as vanillin and vanillic acid 
(Srinivasan and Cary, 1987). Several techniques including 
strain development and gene cloning have been used in our 
labratories to improve 1ignin degradation. Recently, we 
isolated several copper-resistant mutants from this 
ligninolytic Erwinia sp. All of them grew on LB agar with 
CuS04 at concentrations over 20 mM. In this report, we present 
the rationale for the isolation of copper resistant mutants 
and the results of the experiments on biodegradation of 
4-NDPE, 4-HDPE, 4-CDPE, and 2,7-DCDD in the presence of copper 
by one of these isolates, Erwinia b p . strain CU3614. Increased 
concentrations of copper in the medium resulted in higher 
degradation of 4-HDPE. Copper-sensitive mutants isolated from 
strain CU3614, using Tn5-induced mutagenesis had decreased 
abi1ity to degrade 4-HDPE. These experiments suggest that a 
copper-inducible or copper-binding protein may be involved in 
the degradation of these aromatic ethers.
MATERIALS AMD METHODS
Organisms
Erwinia s p . was isolated from sewage obtained from a 
plant in Louisiana, using the method of Srinivasan and Cary
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(1987). Briefly, sewage sludge was introduced into the reactor 
vessel in a continuous culture apparatus. The medium with 0.5% 
methanol as sole carbon source was pumped continuously at a 
dilution rate of 0.1 h'1. The pH was maintained at pH 9.0 by 
automatic addition of 1 M NaOH with the aid of a pH
controller. After 10 days, when the chemostat culture was in 
a steady state, the carbon source was altered to 0.2% Kraft 
1ignin (obtained from Crown Zellerbach, Bogalusa, LA) 
dissolved in NaOH. The reactor was maintained at the steady- 
state dilution rate for one week. Several isolates were 
obtained by selection on agar medium with Kraft 1ignin as the 
only carbon source. One of the isolates was tentatively 
identified as a saprophytic Erwinia based on the
characteristics of fermentation of carbohydrates and other
biochemical tests. Mutants used in this study were derived
from this isolate. Other bacterial strains are listed in Table 
1. Escherichia coli strain S17-1 with plasmid pSUP2021 (Simon 
et al.. 1983) was used in transposon Tn5-induced mutagenesis.
Chemicals and Media
All solvents were analytical grade. Chlorinated 
diphenylethers and dibenzo-p-dioxins were custom synthesized 
by AccuStandard, New Haven, CT. 4-Hydroxydiphenyl ether and 
4-nitrodiphenyl ether were purchased from Aldrich Chemical 
Co., Milwaukee, Wisconsin.
The organisms were generally maintained on NY agar 
medium which contained nutrient broth 0.8% (w/v) and yeast
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extract 0.2% (w/v) with the addition of 20 p q / m l  of CuS04.5H20 
for copper-resistant mutants. SN medium contained sodium 
succinate 0.5% (v/v) and basal salts; it was adjusted to pH
8.0 before being autoclaved. SH medium was used in 
biotransformation studies of diphenyl ethers and 
dibenzo-p-dioxins. SH medium with the addition of 10 n g/ml 
kanamycin was used in the selection and maintenance of Tn5- 
induced copper-sensitive mutants. LB medium was used in 
studies of copper resistance.
Mutation and selection
Organism was inoculated in 10 ml of NY medium and 
incubated overnight in an incubator shaker at a 32*C. One 
hundred pg/ml of N-methyl-N'-nitro-M-nitrosoguanidine (NTG) 
was added to the culture and shaking was continued for 60 min. 
Then NTG-treated cells were harvested, washed with 0.1M pH 6.8 
potassium phosphate buffer . The suspension of cells in buffer 
was diluted and spread on agar gradient plates containing SH 
medium with 100-500 jig/ml of CuS04 or 10'2M 2,4-dinitrophenol 
(DNP). Copper- or DNP-resistant strains were isolated from 
these plates.
Transposon Tns-Induoed Mutagenesis
The transposon mutagenesis system developed by Simon 
Al. (1983) was used to isolate the Tn5-induced mutants of 
Erwinia so. CU3614. Plasmid pSUP2021 was transferred from E . 
coli S17-1 into Erwinia s p . strain CU3614 by the filter mating
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technique described by Hoe al. (1984). The eating mixture
was spread on SM agar plates containing 10 n g / n l  kanamycin. 
Kanamycin-resistant colonies on SM agar plates were replicated 
onto SM agar plates containing 10 n g / a l  kanaeycin and 25 jig/ml 
CuS04.5H20 and copper-sensitive eutants were isolated.
Orowtb Measureaent
In order to eeasure bacterial growth, 5 el overnight
culture of copper-mutants grown on SM eedium was inoculated 
into a Bellco 300 ml sidearm flask containing 50 el of the 
same medium plus 0.2 mM CuS04, 0.3 eM 4-HDPE or 10 f i g / m 1
kanamycin. Flasks were shaken at 250 rpm and at 32 *C. 
Turbidity of the culture was determined using a 
Klett-Summerson photoelectric colorimeter with a red filter 
of 660nm.
Biotraasforestion of Diphenyl Bthers and Dibenmo-p-diozins
Studies on biotransformation were carried out using 
stationary phase cultures. Cells were grown in SM medium 
containing 0.2 mM CuS04 for 24 h before the addition of 
diphenyl ethers or dioxins. 4-HDPE was added directly to 
cultures using a stock solution of 0.1 N NaOH. Chlorodiphenyl 
ethers were dissolved in benzene, and 4-NDPE was dissolved in 
ethanol for the addition to cultures. Dioxins were introduced 
into cultures using a sand matrix or a filter paper coated 
with these chemicals. Killed controls were autoclaved or 
received 5mM HgCl2, and sterile controls were not inoculated.
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Th« culture was then incubated for 24 to 48 h. Forty pi of 
concentrated perchloric acid was added per al of culture to 
terminate the reaction. Acidified broths were extracted three 
times with two volumes of ethyl acetate. The organic extracts 
were combined and concentrated under a stream of nitrogen, and 
the dry residue was taken up in a small volume of methanol for 
HPLC analysis of diphenyl ethers, otherwise, dichloromethane 
was used for extraction of dibenzo-p-dioxins and as solvent 
to dissolve the dry residue.
High-Verformanoe Liquid chromatography Analysis
The HPLC system consisted of a Waters model 660 solvent 
programmer, a Waters model 6000A solvent delivery system, a 
Waters N4 5 pump, a Waters Data module, a Waters p-Bondapak C18 
column, and an I SCO V4 absorbance detector operated at 280 run. 
The mobile phase used was methanol-water (85:15) at a flow 
rate of 1.0 ml/min. However, a gradient from 70% to 100% 
methanol was used for dibenzo-p-dioxins.
Thin Layer Chromatography (TLC)
Samples were also analyzed on TLC plates (Silica gel 60 
F—254, Alltech Assoc., Inc.) using a solvent system of 
chloroform, hexane, acetone, and acetic acid (50:50:10:1), 
vol/vol. Compounds were detected under ultraviolet light (254 
nm) .
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RESULTS AND DISCUSSION
Development of Copper-resistant Strains
In ths ligninass systsn of Phaenerochaete 
chrvsospori urn. tha enzyme ganaratas a radical cation by 
Fa-porphyrin-mediated transfer of a single electron from the 
aromatic ring, in the presence of H202, during the 
biodegradation of 1ignin model compounds (Schoemaker, fit fit. , 
1985) . In a number of bacterial systems, it has been 
demonstrated that a copper-binding protein is involved in 
single-electron transfer as one of the components of the 
respiratory chain (Husain and Davidson, 1986; Ingledew, 1986). 
Therefore, attempts were made to isolate copper-resistant 
mutants by chemical mutagenesis as a means of obtaining 
strains with enhanced degradative characteristics. A further 
selection of a spontaneous mutant, CU3614, resistant to
2,4—dinitrophenol was made from a copper-resistant strain, 
CU36, on the assumption that such a mutant might possess a 
respiratory chain with low sensitivity to phenolic compounds 
generated by arylether cleavage.
Table 1 presents the minimum inhibitory concentrations 
(HIC) of CuS04 required to inhibit colony formation by the 
isolate. Several species of bacteria from diverse sources have 
been reported to be insensitive to high concentrations of 
CuS04 (Adaskaveg and Hine, 1985; Bender and Cooksey, 1986; 
Tetaz and Luke, 1983) . MIC values for copper of several 
organisms are also presented in the table for comparison.
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Copper-resistance is associatad with conjugated plasmids in
Escherichia coll RJ 92-95, Pseudomonas SYringae and
Xanthomonas campestri (Bandar and Cooksey, 1986; Stall, 
Al-* 1986; Tetaz and Luke, 1983). However, it has not yet bean 
determined whether a plasmid is involved in copper-resistance 
in Erwinia strains used in the present study.
Bffeot of Copper on tha Biodegradation of 4-Hydroxydiphenyl 
Bther
The copper-associated function of copper-resistant 
strains isolated from coll, X. campestrls, and P. svrlnaae 
was not reported (Adaskaveg and Hine, 1985; Bender and 
Cooksey, 1986; Tetaz and Luke, 1983). In the present study, 
we demonstrate that copper resistant mutants in Erwinia s p . 
can degrade aromatic ethers such as 4-HDPE in the presence of 
copper. Degradation of 4-HDPE by one mutant, CU36, was 
enhanced by increasing the concentration of CuS04 in the 
medium (Table 2). This enhancement of degradation was higher 
in another mutant, CU3614. This strain did not show increased 
activity in degrading 4-HDPE if CuS04 was not additionally 
supplemented into the reaction medium. In the presence of 
CuS04, especially at higher concentrations such as 0.4 mM, it 
degraded about 90% of 0.25 mM 4-HDPE in the medium. Most of 
this degradation came from its copper-associated activity. 
This was also confirmed by comparison of HPLC profiles of the 
extracts from cultures incubated with or without the addition 
of 0.4 mM CuS04. As shown in the HPLC profiles in Figure 1,
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only cultures incubated with 0.4 nM CuS04 showed almost 
complete depletion of 4-HDPE and the appearance of two new 
peaks. Cultures without the addition of CuS04 demonstrated 
little depletion of 4-HDPE and did not show the presence of 
any metabolic intermediates. The minimal 4-HDPE degradation 
detected from this culture without the addition of copper may 
be due to a copper-independent activity (Table 2). No 4-HDPE 
depletion was found in controls which were treated in the same 
way as experimental samples.
Kinetio Studies on 4—Hydroxydiphenyl Ether Degradation
Time-course of 4-HDPE degradation by strain CU3614 was 
observed from cultures incubated with 0.2 mM CuS04, and 0.2 5 
mM or 0.5 mM 4-HDPE. As shown in Figure 2, transformation of 
4-HDPE occurred immediately at a fair rate in culture of 0.5 
mM 4-HDPE. The rate increased between 8 to 10 h of incubation, 
then it shifted to a slow rate through the reaction. It was 
likely that multiple activities were involved in the 
biotransformation of 4-HDPE. Two products appeared from the 
degradation of 4-HDPE by these activities (Fig. 1).
Biodegradation of 4-HDPE by strain CU3614 was at a slower rate 
in cultures incubated with 0.25 mM 4-HDPE than with 0.5 mM 
4-HDPE, nevertheless, the reaction in both concentrations 
showed similar kinetics (Fig. 2) . Cultures at low
concentrations of 4-HDPE might need a longer period to 
initiate the degradation of this compound. Optimum conditions 
for the biodegradation of 4-HDPE were observed at pH between
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8.0 and 9.0 and at temperature between 33 *C and 37 *c (data not 
shown).
Biodegradation of Othar Diphenyl Bthars and Dibenso-p-dionins 
Besides 4-HDPE, mutant CU3614 also degraded 4-CDPE, 
4-NDPE, and 2,7-DCDD (Table 3). Same copper-associated 
activities might also involved in the degradation of other 
aromatic ethers. However, the efficiency differs depending on 
the structure of these chemicals. In the presence of CuSOt, 
most of 4-HDPE was degraded by CU3614 within 24 h. This mutant 
also degraded 4-CDPE but less efficiently. The degradation of 
4-CDPE was probably hindered by the chlorine group which 
subst itutes the hydroxy group in 4-HOPE. 2,7-DCDD whose
chemical structure is even more divergent to 4-HDPE was 
degraded at the lowest rate. But the lower degradation of
2,7—DCDD or 4-NDPE may also be due to poor solubility of these 
compounds in water and hence their unavailability to the 
organism. The degradation product of 4-NDPE was yellow in 
color and detected as p-nitrophenol by its absorption maxima 
at 400 run (Figure 3) , HPLC, and TLC analyses. The HPLC 
analysis of the degradation product of 4-NDPE showed that the 
product and a pure sample of p-nitrophenol had same retention 
time of 3.58 min. The product was also confirmed to be p- 
nitrophenol by TLC with a solvent system of chloroform, 
hexane, acetone, and acetic acid (50:50:10:1), vol/vol. The 
Rf value of the product was 0.63 which corresponded to the Rf 
value of an authentic sample of p-nitrophenol. Degradation of
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2-chlorodiphanyl «th*r or 2-chlorodibenzo-p-dioxin by zutant 
CU3614 was not observsd in thasa axpariaanta. Their structures 
may interfere with the specific site of attack by this 
organism.
Studies of Copper-Sensitive Mutants
Copper-sensitive mutants were isolated from Erwinia s p . 
CU3614 with transposon Tn5-induced mutagenesis. Among these 
copper-sensitive mutants, III-14-1 and 111-26-31, which were 
also sensitive to 4-HDPE, were used in this study. Mutant 
111-14-1 showed the MIC value of 5 mM for CuS04 in LB medium. 
Another mutant, 111-26-31, had MIC value of 9mM. Figure 4 
presents the effect of copper or 4-HDPE on the growth of these 
copper-sensitive mutants. It showed that 0.2 mM CuS04 or 0.3 
mM 4-HDPE did not interfere the growth of copper-resistant 
mutant, Erwinia so. CU3614, however, they inhibited the growth 
of both copper-sensitive mutants (Fig. 4 B and C) . The growth 
of III—14—1 was completely inhibited by copper or 4-HDPE. Same 
concentrations of CuS04 and 4-HDPE were less inhibitory to the 
growth of 111-26-31. CU3614 could not grow in a medium
containing Kanamycin, but both III-14-1 and 111-26-31 which 
are Tn5-induced mutants (Kmr) could grow (Fig. 4 D) . Overall, 
these Tn5-induced copper-sensitive mutants exhibited poor 
growth, even in the absence of inhibitors (Fig. A) . The 
degradation of 4-HDPE was also inefficient in these copper- 
sensitive mutants (data not shown). The sensitivity to copper 
perhaps interfered with their ability for 4-HDPE degradation
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which required increased copper concentration as described for 
strain CU3614 (Tabla 2).
CONCLUSIONS
These axperisants suggest that copper-associated 
activities say be involved in the degradation of 4-HDPE and 
other aromatic ethers. Although the protein(s) involved in the 
transformation of 4-HDPE has not been identified yet, several 
blue proteins were found in the crude cell extract of Erwinia 
CU3614 growing on high concentration of copper (data not 
shown). Further studies in these copper-sensitive mutants 
pointed to the relationship between copper-resistance and 
4-HDPE degradation. Nevertheless, it is not known yet that the 
same system is involved in both copper-resistance and 4-HDPE 
degradation. In this study, the biotransformation of chemicals 
was only demonstrated in vivo using intact cells. Preliminary 
experiments using crude cell extracts or broken cells showed 
the transformation only in the presence of an electron 
acceptor, 2,6-dichlorophenol-indophenol. It is possible that 
a rusticyanin-like copper protein say be involved in the 
reaction. As described by Ingledew (1986), rusticyanin is a 
copper containing protein involved in the single electron 
transfer to components of the respiratory chain of 
Thiobacillus ferroxidans.
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Fig. 1. HPIiC profiles of the extracts from 24-h cultures of 
Erwlnia sp. CU3614. (A) Culture incubated with 0.25 mM 4-HDPE 
shows only 4-HDPE peak (I). (B) Culture incubated with 0.25
mM 4-HDPE and supplemented with 0.4 mM CuS04 shows a small 
4-HDPE peak (I) and two additional peaks (II & III).
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Fig. 2. Time course of 4-HDPE degradation. Stationary phase 
cultures of Erwlnla b d . CU3614 were incubated with 0.5 mM
4-HDPE (-#-) or 0.25 mM 4-HDPE (-o-) as described in text. 
Samples from extracts of cultures at various incubation times 
were analyzed quantitatively with HPLC at 280 run. Symbols show 
average of three values.
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Fig. 3. Visible absorption spectra of the 4-NDPE degradation 
product and p-nitrophenol.
(A, ---- ) 4-NDPE degradation product.
(B, ----) p-nitrophenol.
46
a>
o
c
o
_Q
k_
O
w)
-Q
<
-3
400 450 500
Wavelength lmm)
47
Fig. 4. Growth curves of Erwlnia b p . CU3614 and its Copper- 
sensitive mutant III-14-1 and 111-26-31. Cultures were grown 
in 50 ml SM (A), SM containing 0.2 mM CuSO^ (B) , SM containing 
0.3 mM 4-HDPE <C), and SM containing 10 pg/ml kanamycin (D) 
as described in text. Growth turbidity of CU3614 ( ),
III—26—31 ( - A -  ) and III-14-1 ( ) were monitored at 660
nm with a Klett-Summerson photoelectric colorimeter.
Tim
e 
(hrs)
48
t/iO
o
to
o
o
T u r b id i t y  (Klett  units)
1st oo  o  5o o S
o
<■/! K>©
©
£.
UI
hO
s
49
Table 1
Copper resistance of strains used.
Strains MIC of CuSO
4
(«M)
Source
Erwinia se­ 11 This study
on LB agar
e m  6 >20 9 r
CU3614 >20 9 9
E.coli NM522 10 9 9
JM8 3 14 9 9
HB101 9 9 9
RJ 92-95 12-20 Tetaz (1983) 
on N agar
K—12 6 f *■
Pseudomonas svrinaae 2-0.4 Bender (1986) 
on MGY agar
Xanthomonas camcestris 7.2 Adaskaveg (1985) 
on LB agar
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Table 2.
Biodegradation of 4-HDPE by Erwinia « p . strains.
Cultures were incubated with 0.2 5 AM 4-HDPE and different 
concentrations of CuSO^. Degradation was then analyzed as 
described in the text.
% degradation by:
(mM) Erwinia so. mutant CU36 mutant CU3 614
0. 00 25.7 25.7 19.3
0.05 14 .7 30.6 23.4
0. 10 22. 3 33.2 28 . 0
0. 20 31.0 41.3 36.9
0.40 15.5 47.8 90.7
Table 3
Biodegradation of diphenyl 
Erwinia b d . CU3614*.
ethers and dibenzo -p-dioxins by
Chemical Concentrat ion degradation
fppm) 1
4-Hydorxydiphenyl ether 100 84.2
2-Chlorodiphenyl ether 100 _b
4-Chlorodiphenyl ether 100 51.4
4-Nitrodiphenyl ether B6.1 29.3
2-Chlorodibenzo-p-dioxin 5 -
2,7-Dichlorodibenzo 5c 12 . 4
-p-dioxin 2d 27. 6
(a) Cultures were Incubated with respective chemicals for 24
(b) n o  degradation was observed.
(c) 2,7-DCDD was absorbed on to a sand matrix.
(d) 2,7-DCDD was absorbed on to a filter paper.
CHAPTER III
Molecular cloning And Expression o f  An Enrinis s p » Gsn< 
Encoding Diptasnyl Ettasr Clsavage In Esohsrichis ooii
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SUMMARY
A 2.1 kb fragment obtained by restriction enzyme Hind 
III digestion of Erwinla so. genomic DNA was cloned into 
plasmid pUC19, and introduced into E. coli by transformation. 
The transformants with diphenyl ether cleaving activity (Dpe*) 
were selected on agar plates with a specially designed medium 
(LTFN) containing 4-nitrodiphenyl ether. The positive clones 
containing an unique plasmid designated as pDPE21 produced a 
clear zone around the colonies. Analysis of mutants obtained 
by transposon mini-Mu d l (lacZ Kmr) mutagenesis established the 
coding region of the dpe gene within this 2.1 kb fragment, and 
demonstrated that the lacZ promoter of pUC19 is initiating 
transcription of doe. Clones with the 2.1 kb fragment in the 
opposite orientation in pUC19 were not expressed diphenyl 
ether cleaving activity confirming the necessity of lacZ 
promoter to initiate transcription. The utilization of lacZ 
promoter in pUC19 was further confirmed from the observation 
that the degradation of 4-nitrodiphenyl ether was enhanced in 
the presence of isopropyl B-D-thiogalactoside. Expression of 
doe was also found in pDPE7321, generated from cloning this 
gene into another plasmid pSP7 3. Analysis of the plasmid 
encoded proteins by Maxicell technique showed a polypeptide 
of M.W. of 21 kDa as the product of doe gene.
INTRODUCTION
Chlorinated phenols, biphenyls, dibenzo-p-dioxins, and 
diphenyl ethers are recognized as toxic environmental
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contaminants owing to thsir tramendous consumption in the 
field as herbicides, and their recalcitrance to 
biodegradation. Diphenyl ether herbicides such as acifluorfen, 
fluorodifen, oxyfluorfen, and nitrofen inhibit the conversion 
of protoporphyrin IX to Mg-protoporphyrin IX in the porphyrin 
biosynthetic pathway and cause the accumulation of 
protoporphyrin IX. Protoporphyrin IX acts as a photodynamic 
dye to cause rapid chlorosis by the photogeneration of singlet 
oxygen (Lydon and Duke, 1988; Matringe and Scalla, 1988). 
Lactofen, a halogenated nitrodiphenyl ether herbicide, had 
been shown to induce liver tumors in mice (Butler, at al* * 
1988). other polychlorinated diphenyl ethers had also been 
demonstrated to induce rat hepatic cytochrome p-450 and 
monooxygenase activities (Iverson, at a t •, 1987). In the
investigation of mutagenicity of 4-nitrodiphenyl ether (NDPE) 
using Ames test, this compound which is an anthelmintic drug 
and an intermediate in the production of herbicides was shown 
to be a potent direct-acting base-pair and frameshift mutagen 
(Gupta, at at-> 1986).
Similar to other xenobiotic aromatic compounds, diphenyl 
ethers are difficult to decompose in nature. In studies on 
chlorinated diphenyl ethers in rainbow trout, most had a long 
half-life and some generally exceeded 100 days depending on 
the increase of chloride content (Niimi, 1986). Under certain 
conditions in weak alkaline aqueous solution, multiple 
hydroxylated diphenyl ethers were shown to split into free 
phenols or to convert into dibenzofurans (Glombitza and
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Wolwer-Rieck, 1988). In many cases, chemical methods offer 
techniques for the rapid decomposition of various toxic 
chemicals (Ayers, 1981; Walsh, 1977), however, such methods 
can be used only at the source, and not after the release of 
the chemicals in the environment. Since diphenyl ethers are 
released in large quantities to the fields as herbicides, 
microorganisms must play a crucial role in the natural cycles 
to degrade those compounds. Recently, a strain of bacteria 
tentatively classified as belonging to the genus Erwinia. was 
isolated from sewage by enrichment in the presence of lignin 
(Srinivasan and Cary, 1987). This isolate and its mutants had 
been demonstrated to degrade various diphenyl ethers (Chapter 
II) .
We are interested in developing systems for 
bioremediation of the environment through advanced 
biotechnology as well as exploring in molecular detail the 
mechanisms which are involved in the biodegradation of 
diphenyl ethers. We have designed a medium containing 4- 
nitrodiphenyl ether (4-NDPE) for detecting the diphenyl ether 
cleaving activity of bacterial colonies on agar. Furthermore, 
a diphenyl ether cleavage gene fdpe) from Erwinia sp . was 
cloned, characterized and expressed in E. coli.
MATERIALS AND METHODS
Baoterial Strains and Plasmids
The diphenyl ether degrading strain Erwinia s p . CU3 614
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(Chapter II) was used as a source of genomic DNA. E.coli 
strains used in this were JM107 ( endAl cvrA96 thi hsdR17
s u p E44 relAl Aflac-oroAB) (F' fcraD36 PfPAB l a d ^ M l S )  ] 
(Yanisch-Perron, «£ fli- , 1985), POX1681 [F* Mu dI1681 (kmr)
ara::(Mu ctsl3 A  (proAB-araF-lacIPOZYA)XIII rosLl (Castilho, 
et a l .. 1984), MH3497 (lac gal rpsL Mu fits) (Belas, hi-,
1988), and CSR603 (F‘ phrl recAl uvrA6 supE44) (Sancar, fii 
al. , 1981). Plasmid pUC19 (Bethesda Research Laboratories) and 
pSP73 (Promega) were used to construct Erwinia s p . genomic 
libraries for cloning doe.
Chemical, Media and Culture Conditions
4-Nitrodiphenyl ether (4-NDPE) was obtained from Aldrich 
Chemical Company Inc. Erwinia b p . was maintained in NY agar 
medium which contained nutrient broth 0.8% (v/v) and yeast
extract 0.2% (w/v) (Srinivasan and Cary, 1987). E . col i
strains were maintained at 37°C in Luria-Bertani medium (LB). 
LB medium supplemented with 0.1 mM isopropyl B-D- 
thiogalactoside (IPTG) (BRL) and 40 pg/ml X-gal (BRL) was used 
to select transformants of Erwinia sp. genomic library 
constructed by using plasmid pUC19. LTFN medium was used to 
select transformants expressing doe gene. This medium is LB 
agar medium supplement with 0.1% (v/v) Triton X-100, 0.05%
FeCl3.6H20 (prepared as 20% stock solution, filter sterilized 
and added separately), and 1.2 mM 4-nitrodiphenyl ether 
(prepared as 100 mM stock solution in ethanol and added 
separately). LTFN was adjusted to pH 8.0 before autoclaving.
57
Media were supplemented with aspicillin (50 , kanamycin
(25 as required. Glycerol minimal medium containing
0.25% (v/v) glycerol and basal salts (pH 7.0) was used to grow 
E.coli strains for the analyses of 4-NDPE degradation.
DMA Isolation
Cellular DNA from Erwinia s p . CU3614 was prepared by a 
modification of method of Wright, fit Al. (1987). Cells from 
100 ml of a late log phase culture were harvested and 
suspended in 25 ml 50 mM Tris-HCl (pH 8.0), 4 mM EDTA, 1%
sodium chloride, then frozen at -70°C. Proteinase K was added 
to the frozen solution at a final concentration of 0.5 mg/ml. 
A 0.1 volume of 10% sodium dodecyl sulfate (SDS) in 1 M Tris- 
HCl (pHS.O) was also added. This frozen solution was thawed, 
mixed , and then incubated at 4 2®C for one hour. The lysate 
was extracted successively with Tris-buffer saturated phenol, 
phenol-chloroform (1:1), chloroform, and two times with water 
saturated ether. DNA was precipitated with ethanol and spooled 
out with a glass micropipette. The spooled out DNA on the 
glass micropipette was then resuspended in 2 ml TE (10 mM 
Tris-HCl [pHS.O], 1 mM EDTA) and incubated with heat-treated 
RNase A (Sigma) (100 jig/ml) at 37°C for 30 min. The DNA was 
again extracted and precipitated as previously described.
Rapid, small-scale plasmid isolation was performed as 
described by Silhavy, fit fit. (1984). Large-scale plasmid was 
carried out by the method of Maniatis, fit fit• (1982) and
Birnboim and Doly (1979).
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Cloning of Hrwlnia «p. Gan* Bnooding a Protain for Diphanyl 
•ttaar Cleavage
Ganoaic DMA froa Erwinia sp. CU3614 was partially 
digested with Hind III. Hind III fragaanta vara ligated with 
T4 DNA ligase into tha Hind III aita of plasaid pUC19. 
Recombinant plasmids wera used to transform into competent E . 
coli cells prepared as described by Hanahan (1983). 
Transformants were first selected on LB agar containing 
ampicillin and X-gal as described. Transformants with 
recombinant plasmid (white colonies) were transferred onto 
LTFN agar containing ampicillin to screen for diphenyl ether 
cleaving activity by visual inspection of a halo or clear zone 
around colony against the opaque background formed from the 
complex of 4-NDPE and Triton x-100. Diphenyl ether cleaving 
activity was also confirmed from the release of p-nitrophenol, 
the breakdown product of 4-NDPE. p-Nitrophenol would in turn 
react with FeCl3 in the medium and fora violet or brown color 
(Reio, 1958).
DNA Hybridisation
Total cellular DNA from Erwinia b p . CU3614 was digested 
to completion with a variety of restriction enzymes. After 
0.7% agarose gel electrophoresis, DNA was transferred to 
nitrocellulose by the procedure described by Southern (1975). 
52 P labeled probe DNA was prepared with [a-^PJdATP 
(800Ci/mmole) (DuPont) using a nick-translation reagent kit 
(BRL). Hybridization was performed as described by Silhavy,
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at a l . (1984) with 106-1(/ cpm of probe.
Tranapoaon Mutagenesis
Plasmid pDPE21 (Fig. 1.) DNA waa mutagenizad with 
transposon mini-Hu dl by the method described by Castilho, fit 
a l . (1984) and Belas, fit a l . (1988). Plasmid pDPE21 was first 
transformed into E. coli POX1681 which contains a mini-Hu 
transposon Hu dI1681 (lacZ Kmr) (Castilho, fit al., 1984) and
incubated at 30°C. A transformant E. coll POI 1681 (pDPE21) 
was heat induced at 37°C, and the resulting bacteriophage 
lysate was used to infect Rec* recipient strain HH3497. The 
mini-Hu infected cells were spread onto LB plates containing 
ampicillin (plasmid-encoded resistance) and kanamycin 
(transposon-encoded resistance), and then incubated at 3 0°C. 
Apr ,Kmr colonies were selected and transferred to LTFN plates 
containing ampicillin and kanamycin to screen for loss of 
diphenyl ether cleaving activity. The B-galactosidase activity 
of Dpe" mutants was determined on MacConkey agar plates 
containing lactose (Difco). The location and orientation of 
the mini-Hu inserts in the mutated plasmids were determined 
by restriction mapping utilizing the asymmetry of the Hind III 
and Pst I sites of the transposon (Castilho, fi£ al- , 1984).
Maxioell Labeling of Plasmid Specified Proteins
The procedure used was a modification of Sancar, fit Ol* 
(1981). Briefly, competent of E. coli CSR603 host cells were 
transformed with the plasmids to be analyzed. Log-phase cells
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of plasmid transformed CSR603 were than irradiated with a 
portable 254 nm ultraviolet light (Ultraviolet Products, Inc.) 
at dose of 450 ergs/cm2/**c. After 2 h incubation at dark, 
cycloserine (200 g/sl) was added into the culture and the 
culture was continuously incubated for 14 h. Additional 
cycloserine (200 n q / m l )  was added, and the cells were 
harvested for the labeling with [3*S] methionine (5 fiCi/ml).
Analyses of Degradation of 4-VDFE
Overnight cultures were prepared by growing E. coli 
strains in glycerol minimal medium. One tenth of overnight 
culture was then inoculated into fresh glycerol minimal medium 
containing 0.1% Triton X-100. Cultures were continuously 
aerated at 250 rpm shaking and 37°C until the turbidity was at 
OD600 of 1-3 (approximately 1*2 X 109 cells/ml). 0.4 mM 4-NDPE 
was added into these cultures respectively. After 24 to 48 h 
of incubation at same conditions, the concentration of p- 
nitrophenol was determined by adding 0.5 ml 1.0 M Na2C03 to 1.0 
ml supernatant of culture broth and measuring optical density 
at 400 nm. The degradation of NDPE was also analyzed by High- 
Performance Liquid Chromatography (HPLC). 24 to 48 h cultures 
incubated with 0.4 mM 4-NDPE were acidi f ied by adding 
perchloric acid (final concentration at 1.0%). Controls were 
treated in the same way as experimental samples except they 
were inactivated before the addition of 4-NDPE by lowering the 
pH to 2 with perchloric acid. Acidified broths were extracted 
three times with two volumes of ethyl acetate. Organic
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txtractt war* than evaporated under a straaa of nitrogen, and 
dry rasidues vara taken up in a snail volume of methanol for 
HPLC analysis. The HPLC system consisted of a Waters M45 pump, 
a Waters Data Nodule, a Waters p-Bondapak C18 column, and an 
ISCO V4 absorbance detector operated at 310 nm. The mobile 
phase used was methanol-water (85:15) at a flow rat* of 1.0 
ml/min.
r e s u l t s
Cloning of Brvinia so. Gene with Diphenyl Btber Cleavage
In order to clone the gene encoding diphenyl ether 
cleaving activity, different restriction enzymes had been used 
separately for the partial digestion of Erwinia s p . genomic 
DNA. The partially digested DNA fragments were ligated to the 
same restriction enzyme digested pUC19 plasmid DNA. The 
ligated DNA mixture was transformed into E. coli JM107, and 
the transformants were selected on LB agar plates containing 
ampicillin, IPTG, and X-gal. White colonies were presumed to 
harbor recombinant plasmid inserted with Erwinia DNA fragment 
which blocked lacZ gene expression. Those colonies were 
selected and transferred onto LTFN agar plates containing 
ampicillin. After 40-48 h of incubation at 37°C, all 
transformants on LTFN agar plates were examined for a clear 
zone around the colonies. Several thousand transformants 
constructed from either Bam HI or Eco RI digested bacterial 
DNA were examined, but no diphenyl ether activity (Dpe+)
bl
colonics were identified. However, after screening 4,000 
colonies transformed from Hind III constructed plasmid 
library, three colonies were identified as Dpe*. Plasmids from 
these colonies were found to be identical based on the 
restriction endonuclease mapping. These Dpe* plasmid were 
designated as pDPE21 (Pig. 1) and they contained a Hind III 
DNA insert of approximately 2.1 kb. Retransformation of JK107 
with pDPE21 resulted in all of the transformants expressing 
both diphenyl ether activity (Dpe*) and Apr phenotype. The 
same 2.1 kb Hind III DNA was also subcloned into plasmid pSP73 
(pDPE7321) (as shown in Fig. 1) , which also expressed Dpe* 
phenotype in JM107 transformants.
Restriction Knsyme Happing and DNA Homology
Various restriction enzymes were used to generated a 
physical map of the 2.1 kb insert of pDPE21 (Fig. 3). No 
restriction sites were found for Bam HI, Bol II, Kon I, Nde 
I , Sma I , Soh I , Ss d  I, Sst I , Xba I , and Xmn I . Southern 
blot analysis was used to demonstrate that the origin of the
2.1 kb Hind III insert of pDPE21 was in Erwinia b p . DNA. DNA 
extracted from Erwinia b p . was digested with Bam HI, Hind III, 
Pst I, and Hind III + Pst I, respectively. A gel-purified 2.1 
kb Hind III doe fragment was labeled and used as a probe. The 
results are shown in Fig. 4. The blot reveals that the dpe 
gene is located on a 12.5 kb Bam HI fragment and a 2.1 kb Hind 
III fragment in Erwinia so. DNA (Fig. 4, lanes a and b). The 
fragments exhibiting homology also corresponded in size to
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thos* anticipated froi tha physical wap of tha 2.1 kb Hind 111 
fragwent clona. Hybridization signals from Pst I digested 
Erwinia s p . DNA corresponded to the internal fragments of the
2.1 kb insert (0.89 and 0.52 kb) (Fig. 4, lane c ) . The same 
digestion pattern with Hind III + Pat I (0.89, 0.52, and 0.38 
kb) (Fig. 4, lane d) was also observed in Erwinia an. DNA.
Expression of doe Gene in E. ooli
The 2.1 kb Hind III dee fragment from pDPE21 was 
isolated and reinserted back into Hind III digested pUC19. 
These recombinant plasmids which had insertions of both 
orientation were transformed into E. coli JM107. It was found 
that all 15 Dpe* colonies from a total of 40 randomly selected 
colonies harbored a plasmid identical to pDPE21; all other 25 
Dpe' colonies harbored another identical plasmid with 
insertion at opposite orientation. This plasmid which has 
reverse insertion was designated as pDPE07 (Fig. 1) . These 
observations suggest that the expression of dpe gene of clone 
needs the vector sequence in pUC19. The lacZ promoter of pUC19 
is utilized for the transcription of doe as shown by 
subsequent experiments.
Further investigations were carried out using transposon 
mutagenesis with mini-Mu dl (lacZ Kmr) to define the doe gene 
coding region and to identify the direction of transcription 
of d pe. Dpe" mutants of transposon mini-Hu dl insertion formed 
colonies without a clear zone on LTFN agar medium containing 
ampicillin and kanamycin (as shown in Fig. 2) . Mutagenesis
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with wini-Mu transposon also rssults in the formation of gene 
fusions betwssn ths lacZ (sncoding B-galactosidase) of 
transposon and ths targst gene. If ths inssrtion of ths 
transposon wars in ths corrsct orisntation, than, 
transcription from a pronotar nsar tha Mu inssrtion could also 
proceed into the Mu dl phage to express the lacZ gene. The 
expression of lacZ gene in inserted Mu dl phage was detected 
on MacConkey agar (Difco) indicator plates and used to 
determine the direction of transcription. A total of 50 Apr, 
Kmr mutated plasmids generated from the mini-Mu dl insertion 
in pDPE21 were isolated and analyzed for the approximate sites 
of insertion by restriction mapping. Among these 50 mutated 
plasmids, 35 were Dpe', and the other 15 were Dpe* in MH3497. 
It was found that all 35 Dpe* mini-Mu inserts mapped within a 
1.4 kb region of pDPE21 extending from Sal I site into the lac 
promoter of pUC19 region (Fig. 3). Insertion mutants 12, 13, 
16, 17, and 32 had Dpe* LacZ4 phenotype, thus orienting the
position the lacZ gene of the transposon in alignment with the 
upstream lac promoter in pUC19 region (as shown in Fig. 3). 
The other transposon insertions had Dpe', LacZ'phenotype, and 
were in the opposite orientation. Some of these mutants (1, 
2, 7, 9, 11, 22, and 23) are shown in Fig. 3. Among them,
mutants 9 and 22 had insertions within the lac promoter of 
pUC19. Mini-Mu insertions, 42 and 49, were located upstream 
of lac promoter in pUC19, and did not affect the expression 
of doe gene. Another mutant, 18, with insertion downstream of 
the Sal I site also exhibited Dpe4 phenotype and is believed
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to have the mini-Mu insertion beyond the dpe coding region. 
These observations are consistent with the transcription of 
doe from the pUC19 promoter.
The Degradation of 4-lfDFB
If transcription of dpe is from the lac promoter of 
pUC19, then the expression of doe gene should be inducible 
with IPTG (the gratuitous inducer of lac operon). Cultures of 
E. coli containing pDPE21 were incubated separately with 0.4 
mM 4-NDPE in the presence of 10'* M IPTG or in the absence of 
IPTG. The expression was then determined by measuring the 
concentration of p-nitrophenol, the cleavage product of 4-NDPE 
degradation. As shown in Table 1, more than three-fold 
concentration of p-nitrophenol was produced in the culture of 
JM107 (pDPE21) with IPTG than in the culture of same strain 
without IPTG. The cleavage activity of 4-NDPE was also 
observed in JM107 (pDPE07) and JM107 (pUC19), however, the
production of p-nitrophenol was low and not induced by IPTG 
in those cultures. This weak activity may be indigenous 
activity in E. coli JM107. The degradation of 4-NDPE was also 
confirmed from the analysis of HPLC (Fig. 5). Besides the 4- 
NDPE peak, two other peaks appeared in the H P L C  profile of 
JM107 (pDPE2l), but not in control. One peak was detected to 
be p-nitrophenol by comparison of the retention time of a 
standard p-nitrophenol. Another peak (unknown peak) is 
presumed to be the intermediate metabolite during the 
degradation of 4-NDPE.
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Identification of tho doo Oono Product
In order to Identify the dps gene product, the protein 
products of the constructed plassids vere labelled by the 
naxicell sethod (Sancar, al., 1981) with E. coli CSR603. 
Labelled plasmid-specified products vere separated by SDS- 
polyacrylamide gel electrophoresis and identified by 
autoradiography. Polypeptide bands of 16.5, 18, 21 , and 32
kDa were detected in pDPE21 ( Fig. 6, lane 2) . But only
polypeptides of 16, 17, and 21 kDa vere observed with plasmid 
pDPE7321 (Fig. 6, lane 5). The 21 kDa protein was found in 
both plasmids and is presumed to be the product of dpe gene. 
Except for the 29 kDa 6-lactamase protein which was encoded 
in all plasmids, polypeptides detected in pDPE21 and pDPE7321 
were unique to the 2.1 kb Hind III region, because they vere 
not synthesized by plasmid pUC19 which was used to construct 
pDPE21 or plasmid pSP7 3 which was used to construct pDPE7 321 
(Fig. 6, lanes 1 and 6) . Furthermore, the 21 kDa doe gene 
product was not synthesized in Dpe' plasmid mutants such as 
pDPE21::mini-Hu dI1681-l or pDPE21::mini-Hu dI1681-23. In 
these two mutants, only a 29 kDa 6-lactamase band and a 26 
kDa neophosphotransferase band were detected (Fig. 6, lanes 
3 and 4).
DISCUSSION
He have developed a simple method for the detection of 
diphenyl ether cleaving activities of bacteria on agar plates. 
A clear zone or halo forms around the colony and a brown color
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forati on the colony or diffuses into agar, because the 
breakdown of 4-HOPE to p-nitrophenol which in turn reacts with 
FeCl3 in the sediue. This selected technique facilitated the 
isolation of Dpe4 transformants in E. coli. after cloning the 
gene from Erwlnia so. onto a plasmid vector. In a similar 
method, we replaced 4-NDPE with p-nitroanisole in medium. 
Although p-nitroanisole could not form turbid emulsion with 
Triton X-100, the breakdown of p-nitroanisole still could be 
detected from the reaction between FeCl3 and p-nitrophenol, 
the breakdown product of p-nitroanisole. It was found by this 
method that both Erwinla b p . and E. coli transformed with 
pDPE21 or pDPE7321 had considerable activity to cleave p- 
nitroanisole into p-nitrophenol (data not shown). In addition 
to the aryl-aryl ether cleaving activity to NDPE, the dpe gene 
product perhaps has aryl-alkyl ether cleaving activity 
converting p-nitroanisole to p-nitrophenol. Possibly, this 
agar-plate screening technique may be extended to detect the 
bacterial biodegradability of any organic compounds which are 
insoluble in water but form a turbid complex with Triton X- 
100. It advances the ability to detect the cleavage of any 
p-nitrophenol derived compounds in a complex medium such as 
LB.
The dpe gene was encoded in a 2.1 kb Hind III DNA 
fragment from Erwinla so. . It is unlikely that the 2.1 kb 
clone contains a promoter utilizable in E. coli. since the 
expression of doe gene needed the promoter from the vector 
plasmid. In pDPE21, the dpe gene utilizes the lac promoter of
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plasmid pUC19. The expression of dpft gene in pDPE7321 aay alao 
ba anhancad by the vector sequence in pSP73 which haa promoter 
SP6 and T7 at both anda of tha cloning eite, raapactivaly. The 
initial evidence for tha uaa of vector promoter cornea from the 
observation that tha invaraion of tha 2.1 kb Hind III fragment 
in pUC19 abolished tha dpe expression. The need for lacP was 
confirmed with studies on mini-Mu-ganaratad plasmid mutants 
in which the size of tha dpe coding region and the direction 
of transcription were assessed. The coding region was defined 
to a 1.4 kb region between pUC19 lac promoter and the Sal I 
site of Erwinla sp. DNA (Pig. 3). The transcription direction 
was also identified as coming from the lac promoter of pUC19. 
A 21 kDa protein, expressed by both pDPE21 and pDPE7 321 
plasmid in Maxicells, was presumed to be the dpe gene product. 
The open reading region encoding this 21 kDa protein is 
estimated to be approximately 570 bp, based on an average size 
for an amino acid of 110 molecular weight. There is a great 
possibility that the doe gene is located in a region between 
500 bp and 1,300 bp in the 2.1 kb Hindlll DNA (Fig. 3). Any 
insertion of mini-Hu dl phage in this region would block the 
transcription as well as translation of this gene. Insertion 
between this region and lac promoter of pUC19 would interfere 
the transcription from pUC19 and abolish the expression of 
doe. The lac promoter-dependent expression of the cloned dpe 
gene was also confirmed from the studies of the effect of 
inducer IPTG to the degradation of 4-NDPE in JM107 (pDPE21).
Analysis of proteins encoded in the 2.1 kb Hind III
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fragment resulted in a different expression pattern between 
plasmid pDPE21 and pDPE7321. Surprisingly, plasmid pDPE21 
encoded 4 unique polypeptides of 16.5, 18, 21, and 32 kDa
besides the 29 kDa B-lactamass which could not be detected 
either in pUC19 or Dpe' mutants of pDPE21::mini Mu dl 1681. 
Since the total molecular weight of these four polypeptides 
is about 88 kDa and beyond the coding region of the 2.1 kb 
Hind III DNA, it may be that the readthrough from the plasmid 
lac promoter interferes with transcription directed by a 
second promoter in the cloned Erwlnia b d . DNA, and causes the 
overlapping of reading frame. The 21 kDa polypeptide which was 
also detected in pDPE7321 was presumed to be dpe gene product. 
Besides this 21 kDa protein, pDPE7 321 also encoded another two 
polypeptides of 16 and 17 kDa. Again, the readthrough from 
plasmid promoter might cause the different transcriptions 
between pDPE21 and pDPE7321.
Previous studies have shown that a copper-associated 
activity was involved in the biotransformation of diphenyl 
ethers by Erwlnia b p . (Chapter II). However, the expression 
of cloned Erwinla so. dpe gene in E. coli did not require a 
high concentration of CuS04 as observed in this study. It is 
not clear whether the copper ion acts as a cofactor for the 
enzyme activity or an inducer to regulate the gene expression. 
Besides the genes involved in the degradation of diphenyl 
ethers, the pathway of diphenyl ether cleavage is also unclear 
in this moment. Cloning of one doe gene may help us step into 
the center of those unsolved problem.
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FIG. 1. Physical map of pDPE07( pDPE21, and pDPE7321. The 2.1 
kb Hind III bacterial DNA from Erwlnia so. was inserted into 
pUC19 to make pDPE07 and pDPE21. The insertions in the pDPE07 
and pDPE21 were in opposite orientation to each other. This
2.1 kb DNA was also cloned into pSP73 to generate pDPE7321. 
The solid black line area indicates the segment of 2.1 kb DNA 
encoding diphenyl ether cleaving activity. The direction of 
transcription of lacZ and 5-lactamase gene (Apr) are 
illustrated by the arrows. Restriction sites are as follows: 
c, Cfr 101; H, Hind III; P, Pvu II; P', Pvu I; R, Eco R I ; X, 
Xho I.
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FIG. 2. Diphenyl ether cleavage activity in E.coli MH3497 
infected by nini-Mu dl 1681 insertion in pDPE21. Apr, )anr 
colonies of MH3497 infected with nini-Mu were selected and 
transferred to LTFN plates containing ampicillin and kanamycin 
to screen for loss of diphenyl ether cleavage activity. The 
diphenyl ether cleavage activity in Dpe* nutants could be 
detected from visual examination of the clear zone or halo 
around colonies, but not in Dpe' mutants.
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FIG. 3. Restriction sap, locations of mini-Mu dl Kmr)
transposon insertions, and direction of transcription of dpe 
in pDPE21. 2.1 kb Hind III fragment of Erwinia b p . DNA (thick 
black line) was inserted into a multiple cloning site between
lac promoter and lac2 gene of pUC19. The locations of mini-Hu
transposon insertions were determined by restriction mapping. 
Mutants 18, 42, and 49 (blank arrow) produced diphenyl ether 
clearing activity (Dpe*) ; all other transposon insertions 
(solid arrows) including 9 and 22 in lac promoter destroyed 
Dpe activity (Dpe‘) . Direction of transcription was determined 
from the orientation of mini-Mu insertions and B- 
galactosidase activity. Restriction sites are as follows: A, 
Acc I; H, Hind III; H, Nru I; P, Pst I; Pv, Pvu II; R, Eco R I ;
S, Sal I; X, Xho I.
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FIG. 4. Hybridization pattern of the radioactivity labeled 
pDPE21 insert to genomic DNA of Brwinia b p . CU3614. The 2.1 
kb Hind III insert of pDPE21 was labeled and hybridized to Bam 
HI (lane a), Hind III (lane b ) , Pst I (lane c ) , and Hind III 
+ Pst I (lane d) digested Erwinia so. DNA. Experimental 
procedures are described in Materials and Methods.
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FIG. 5. HPLC profiles of the extracts from culture E. coli 
JM107 (pDPE21) and control incubated with 0.4 mM 4-NDPE. NDPE: 
4-nitrodiphenyl ether; unk: unknown compound; pNP: p-
nitrophenol.
NDPE NDPE
unk
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1/
Cont rol JM107 lpOPE21)
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PIG. 6. Expression of plasmid-encoded proteins. 55S-labeled 
proteins from UV-irradiated CSR603 cells carrying pDPE21 and 
its derivatives were detected on an autoradiogram of a 12.5% 
SDS-polyacrylamide gel. Lane 1, pUC19; Lane 2 , pDPE21; Lane 
3, pDPE21::mini—HudI 1681-1; Lane 4, pDPE21::mini-Mudl 1681- 
2 3; Lane 5, pDPE7321; Lane 6, pSP73. Bands corresponding to 
gene products of dpe (21 kDa), 6-lactamase (bla) (29 kDa), and 
neophosphotransferase (HPT II) (26 kDa) of mini-Hu dl are 
indicated by arrows at right. Positions of protein size 
standards are given at the left of the figure.
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Table 1. The induction of diphenyl ether cleavage activity by 
IPTG
JM107 (PDPE21) * JM107 fpDPE07) JM107foUC191
IPTG - IPTG - IPTG
p-nitro-
phenol (MM)b 18.6 5.6 3.5 2.9 2.3 3.2
a. Cultures of E. coll JM107 transformants grown in glycerol 
minimal medium in the presence of 10'* M IPTG or in the 
absence of IPTG were incubated with 0.4 mM 4-NDPE 
respect ively.
b. After 24 h of incubation, the concentration of p- 
nitrophenol was determined by adding 0.5 ml 1.0 H Na2CO} 
to l.o ml supernatant of culture broth and measuring OD 
at 4 00 nm.
CHAPTER IV
Ezpravaion of a Cloned Enrinla sd. dpe Oene 
in Eeoherlohie eoll end in an Isolated Bacterium PE7
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SUMMARY
A salicylic acid-utilising bacterium designated as PE7 
was isolated in the presence of phenyl ether from a petroleum 
waste pit in Louisiana. This gram-negative, aerobic, short 
rod to spherical shaped bacterium has been putatively 
identified and is most likely an Acinetobacter b p .. The dpe 
gene with diphenyl ether degradation was cloned from Brwinia 
so. and introduced into PE7 in order to enhance the 
degradative ability. A broad-host range expression plasmid, 
pDPE2 388, was constructed by inserting a Sap I-Hpa I fragment 
from a doe gene containing plasmid, pDPE7321, into the 
kanamycin resistance gene of plasmid pKT230. The DNA fragment 
contained the doe gene flanked between sp6 and T7 promoters. 
Transconjugants of pDPE2388 plasmid into PE7 were isolated. 
Expression of doe gene in E. coli or PE7 confined a specific 
degradation activity pattern: 4-chlorodiphenyl ether > 4-
nitrodiphenyl ether > 4-hydroxydiphenyl ether. A comparison 
o f  doe gene with an aryletherase gene indicated different gene 
products can have similar activities.
INTRODUCTION
Diphenyl ethers (DPEs) are one group of aromatics which 
exist in naturally-occurring lignin (Chang and Allan, 1971) 
as well as man-made herbicides (Lydon and Duke, 1988; Matringe 
and Scalla, 1988). The diphenyl ether linkage bonds with other 
aromatic substructures to form a recalcitrant, complex, three- 
dimensional polyaromatic macromolecule in plant (Freudenberg,
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1965) . The major task In paper Industry is to free pure 
cellulose fibers from the lignocellulose complex. 
Consequently, this continuous release of pulping industrial 
waste water and the unlimited distribution of persistant 
diphenyl ether herbicides into fields have become a severe 
problem.
In nature, there are microorganisms which degrade 
diphenyl ethers, however, this degradation may be 
significantly slow resulting in long persistence of these 
chemicals. To date, little research has been done about the 
microbial degradation of diphenyl ethers. We have described 
an isolated ligninolytlc bacterium, Erwinia b p . (Srinivasan 
and Cary, 1987), and its copper-resistant mutant, CU3614, 
(Chapter II of this dissertation), which could degrade 
diphenyl ethers and other aryl-alkyl compounds. A gene 
encoding cleavage activity on diphenyl ethers was also cloned 
from Erwlnia so CU3614 genomic DNA (Chapter III of this 
dissertation) . However, both the Erwinla so. and its mutant 
CU3614 could not grow utilizing diphenyl ethers as their sole 
carbon source. It is possible that these organisms lack all 
the necessary enzymes to mineralize diphenyl ethers although 
they can cleave diphenyl ethers. However, introduction of the 
doe gene from these organisms into an aromatic-utilizing 
degrading organism may result in the new recombinant strain 
obtaining the ability to degrade or mineralize diphenyl 
ethers. A gram-negative short rod bacterium, tentatively 
identified as Acinetobacter strain (strain PF7), which could
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use salicylie acid as sola carbon sourca was isolated from a 
p a t r o l a m  pit and used in this research to construct such a 
stain.
MATERIALS AMD METHODS 
Bacterial Strains and Plasmids
In this study, a gran-negative, short rod to spherical 
bacterium, designated as PE7, was isolated from a petroleum 
pit in Louisiana. E. coli JM107 and plasmids pUC19, pDPE07, 
pDPE21 and pDPE7321 were described in chapter III. E. coli 
HB101 frecA hsdR hasM Smr ££2 l£U) (Boyer, £Ll- , 1969)
carrying plasmid pRK2013 (Figurski and Helinski, 1979) was 
used as helper in triparental matings. The mobilization of 
pDPE23B8 into PE7 was accomplished with the assistance of 
self-transmissible helper plasmid pRK2013. The kanamycin- 
resistant helper plasmid, pRK2013, consists of the RK2 
transfer genes cloned onto a ColE 1 replicon and has only 
limited replicative host range. Its sole function in the 
conjugation is to trans-complement the pDPE2388 for 
mobilization (Figurski and Helinski, 1979). A broad host 
vector pKT230 (Chang and Cohen, 1978) was used for plasmid 
construction and to introduce doe gene into PE7.
Chemicals and Media
Phenyl ether (PE), 4-hydroxydiphenyl ether (4-HDPE), and 
4-nitrodiphenyl ether (4-NDPE) were purchased from Aldrich
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Chemical Co. , Milwaukee, Wisconsin. 4-Chlorodiphenyl ether 
(4-CDPE) was custom synthesized by Accustandard, New Haven, 
CT as described in chapter I. Working cultures of E. coli ware 
maintained on Luria-Bertani (LB) agar containing antibiotics. 
TY medium containing 0.5% tryptone, 0.05% yeast extract, and 
basal salts was used for the enrichment of organisms from 
soil, isolate PE7 was generally maintained on SA agar medium 
which had 0.25% salicylic acid and basal salts at pH 7.5. SA 
medium supplemented with antibiotics was also used as 
selective medium. LTFN medium as described in chapter III was 
also used in this experiment. GY medium composed of 0.25% 
glycerol, 0.05% yeast extract, and basal salts was used to
grow E. coll culture for resting-cell assays. The following 
antibiotics were used: ampicillin (50 /ig/ml); kanamycin (25 
f i g / m l ) ; streptomycin (80 fig/ml) .
DMA Techniques
Restriction enzymes (Bethesda Research Laboratories) and 
T4 DNA ligase (Pharmacia) were used according to the 
manufacturers' specifications. Rapid, small-scale plasmid 
isolation was performed as described by Silhavy, fit a l . 
(1984). Large-scale plasmid isolation was carried out by the 
method of Haniatis, fit A l • (1982). Prior to 1igation, the
appropriate fragments from restriction enzyme digestion were 
purified by electrophoresis on a 0.7 % agarose gel and
electroelution into dialysis membranes (Haniatis, fit Al* r 
1982) .
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DMA Hybridisation
PXasnid DNA of pJC39 (Srinivaaan and Cary, 1987) was 
digestad to conplation with a variaty of restriction enzymes. 
Gal electophoresis, Southern transfer (Southern, 1975) of DNA 
fragment, and DNA hybridation (Silhavy, *£ , 1984) were
performed as described in chapter III.
Conjugation
Cells were harvested from overnight cultures of E. coli 
JM107(pDPE2388) or JM107(pKT230) (donors), HB101 (pRK2013)
(helper donor) and isolate PE7 (recipient) in LB medium, and 
washed twice with LB. Triparental matings were performed by 
mixing approximately 109 cells each of the donors and 
recipient and spotting onto nitrocellulose filters (0.45 fxM, 
Hillipore), which were placed on LB plates. The filters were 
incubated at 30° C for 10 h and then, immersed in test tubes 
containing 1 ml of 0.85 % saline to wash off cells. One tenth 
ml of the suspension was plated on SA agar supplemented with 
streptomycin and incubated for 48 h at 30° C.
Resting-Cell Assays of DFB Degradation
Method of resting-cell assays was a modification from 
Donna r £ ol.. (1987). Cells were grown on GY medium fE. coli)
or SA medium (PE7), washed, and suspended in 0.05 M sodium 
potassium phosphate buffer (pH7.B). The concentration of the 
cells in the final suspension was approximately 2.5 X 109 
cells per ml for E. coli JM107, or 1.3 X 109 cells per ml for
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PE7. Methanol solution of defined Mixtures of diphenyl ethers 
or 4-NDPE only was added to reaction tubes before the addition 
of cell suspension. The Mixtures of diphenyl ethers in assays 
contained 25 ftM of 4-HDPE, 4—NDPE, and 4-CDPE each. Cells were 
incubated for 24 h at 30° C in a gyratory shaker (225 rpm). 
Control cells were inactivated with perchloric acid (final 
concentration at 1.0 %) and treated in the same way as
experimental samples.
Extraotion of DPEs and HPLC Analysis
The same method described in chapter II and III was used 
in this experiment.
RESULTS
Isolation and Characterisation of a Salicylic Acid-Utilising 
Bacterium
In attempts to isolate diphenyl ether degrading 
bacteria, an organism was isolated from a petroleum pit in 
Louisiana. Samples taken from different pits were first 
enriched in TY medium containing 0.1 % phenyl ether. One of 
those isolates which could grow using salicylic acid as sole 
carbon source was isolated on SA agar medium. This short rod 
to spherical shaped organism, designated as PE7 (Figure 1), 
was found to be aerobic, gran-negative, and nonmotile. It 
displayed resistance to ampicillin but sensitivity to 
streptomycin. Partial biochemical characterization of this
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isolate were done as shown in Table 1. This organism showed 
catalase positive and oxidase negative activities. Besides 
salicylic acid, PE7 also utilised citrate. Acid, but no gas 
was produced in glucose fermentation wn«pv»»r, annnitol
fermentation test detected slightly basic reaction with no 
gas. It could not hydrolyze starch, casein, or gelatin. 
Negative results were also observed in other tests as shown 
in table 1. Further studies on PE7 showed that it could 
degrade phenyl ether. On incubation with 200 pg/ml PE for 24 
h, 70 % degradation was achieved by resting cells of PE7 . 
However, there was little depletion of 4-HDPE by PE7. This low 
degradation of 4-HDPE corresponds well with the observed 
sensitivity of PE7 to 4-HDPE, which at a concentration 100 
tig/ml totally inhibited the growth on TY agar medium.
The Construction of Plasmids
To study the expression of Erwinia b p . dpe gene in 
bacteria other than E. coli. we subcloned this gene into a 
broad-host range plasmid. For this purpose, we used plasmid 
pKT2 30 (Fig.2). Plasmid pKT230 was derived from cloning 
pACYC177 plasmid into the broad host range IncQ/p-4 plasmid, 
RSF1010. It can be transferred among different bacterial 
strains by mobilization (ie. Hob*) if conjugal transfer 
functions are provided by coexisting transfer-proficient 
(Tra*) plasmid, such as pRK2013 (Hutter and Leisinger, 1981). 
Our initial attempts to aubclone dpe gene into Km or Sm 
resistance genes of pKT230 failed, probably due to inability
91
of constructs to express dna gene. Ths dBS gene was expressed 
in E. coli from lacZ promoter of plasmid pUCl9 (Chapter III). 
Subcloning of dpe with lacOP from pDPE21 into pKT230 was 
difficult due to lack of corresponding restriction sites 
between these two plasmids. A revised strategy to construct 
the desired plasmid was to clone a Ssp I-Hpa I fragment from 
pDPE7321 into the Sma I site within the Km resistance gene in 
pKT230 (Fig. 2). pDPE7321 was constructed by subcloning a 2.1 
kb Hind III fragment containing dpe from pDPE21 into the 
multiple cloning sites of pSP73. E. coli JM107 harboring 
plasmid pDPE7 321 showed Dpe* on LTFN plates. The expression of 
doe gene in pSP73 was also believed to use vector promoters 
for doe gene transcription (chapter III). The Ssp I-Hoa I 
fragment with doe gene flanked by sp6 and T7 promoter was then 
purified from Ssp I and Hoa I double digestion of pDPE7321 DNA 
and ligated into a Sma I digested pKT2 30 DNA by blunt-end 
ligation. E. coli JM107 transformants harboring constructed 
plasmids were selected on LTFN plates containing streptomycin. 
Several Dpe*, Smr, Km* colonies were isolated. Restriction 
mapping of several purified plasmids revealed that all the 
colonies carried an identical plasmid, designated as pDPE2 388 
(Fig. 2) . The T7 promoter of this Ssp I-Hpa I insert was 
oriented toward the upstream Km resistance gene promoter of 
pKT2 30.
To introduce pKT230 and its derivative plasmid pDPE2388 
into the isolated bacterium PE7, triparental conjugation was 
performed using E. coli JM107(pDPE2388 or pKT230), E. coli
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HB101 (pRK2013) , and PE7. Vary faw coloniaa (balow 1 in 10* 
recipients) which could grow on SA agar containing 
streptomycin wara iaolatad. All iaolataa had aame 
charactaristica aa PE7. Furtharaora, thay carriad plaaaids 
which were identifed aa pDPE2388 or pKT230 by reatiction 
aapping.
Expression of dpa oana in Hatarologoua Boata
In contrast to E. coli JM107(pDPE2388) strain, 
examination of the expression of dpe gene in PE7(pDPE2388) 
strain directly on LTFN agar medium did not show enhanced 4- 
NDPE cleavage activity, probably because of the high 
background activity in PE7. However, the PE7(pDPE2388) 
transformant could grow and form tiny colonies on a minimal 
medium containing only 0.02 % (200 jtg/ml) 4-HDPE, in which
both wild type PE7 and transformant PE7(pKT230) would not 
grow. This doe gene of pDPE2388 conferred to PE7 the ability 
to resist or degrade 4-HDPE.
Subsequent studies on the dpe-encodina activities were 
carried out by using a resting-cell assay to measure DPE 
degradation. In E.coli. the DPE-degrading abilities of 
recombinant atrain JM107(pDPE21) was compared with the Dpe' 
atrains of JM107(pUC19) and JM107(pDPE07). The ability of £*_ 
coll JM107(pDPE21) to degrade DPEs was first examined by using 
24-h resting-cell assays with mixtures of 4-HDPE, 4-NDPE, and 
4-CDPE. As shown in Table 2, the DPE-degrading ability of 
JM107(pDPE21) was superior to that of either JH107(pDPE07) or
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JK107(pUC19). Generally, the cloned dpe gene confarrad 
JM107(pDPE21) a significant dagradativa activity against DPEs, 
aspacially 4-CDPE. Tha spacific activity of JM107(pDPE21) to 
attack thasa compounds was rankad as: 4-CDPE > 4-NDPE > 4- 
HDPE. Soma indiganous activity of E. coli to dagrade 4-NDPE 
was also obsarvad in JM107(pDPE07) and JM107(pUC19). Lower 
activities of JM107(pDPE07) to dagrade DPEs may be due to the 
poor expression of doe gene in pDPE07.
The expression of Erwinia an. doe gene in PE7 was also 
detected from 24 h resting-call assays with mixtures of DPEs. 
The DPE-degrading ability of recombinant strain PE7(pDPE2388) 
was superior to PE7 (pKT230) which was presumed to have only 
indigenous activity. As shown in Table 3 and Figure 3, 
PE7(pKT230) showed significant degradation of 4-NDPE and 4- 
CDPE, but not of 4-HDPE. The cloned dpe gene in PE7(pDPE2388) 
confarrad the expected enhanced activities to degrade DPEs. 
The predominant activity to deplete 4-CDPE and the specific 
activity pattern (4-CDPE > 4-NDPE > 4-HDPE) from the 
expression of dpe gene in E. coli was also observed in PE7. 
Very low degradation of 4-HDPE was observed in both 
PE7(pDPE2 388) and E. coll JM107(pDPE2388) which contained 
cloned doe gene.
The Comparison of doe Sana and Aryletharase Sana
The Erwinia s p . aryletharase gene has been cloned by 
Srinivasan and Cary (1987). It encodes a similar activity to 
that of doe gene. Since both dpe gene and aryletherase gene
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war* cloned from wild type Ervlnia i d . or Ite derivative, it 
was interesting to compare both genes in encoding enzymatic 
activity, gene products, and DNA homology. The aryletharase 
gene was localized within a 3 kb s™* I fragment which has a 
completely different restriction map from the 2.1 kb Hind III 
fragment containing doe gene (Fig. 5). Further studies on DNA 
homology demonstrated that both genes were localized at two 
different DNA fragments. The pDPE21 DNA containing the 2.1 kb 
Hind III fragment and pUC19 was labeled and used as a probe 
to hybridize restriction digested fragments of pJC39 DNA 
carrying the 3.0 kb Sma I fragment and the pUC19 fragment. As 
shown in Fig. 6, strong hybridization was detected only 
between pUC19 fragments of Sma I or Sal I digested pJC39 DNA 
and pDPE21 probe. However, slight hybridization between the 
probe and the 3.0 kb Sma I fragment indicated that there was 
some homology.
Previous studies on encoding activities of cloned 
aryletherase gene by Cary have shown that E. coli 
RGC123(pJC39) could cleave p-nitrophenol-B-D-glucopyranoside 
(pNPG) into p-nitrophenol and degrade vanillin, or vanillic 
acid into a quinone-like compound (J. W. Cary, 1986). 
Subsequent experiment using this strain, however, failed to 
show any activity against 4-HDPE, although the activity had 
been found in the original clone in E. coli CS412 (K. Narva, 
1985) . In this study, cloned aryletherase gene in E. coli 
RGC123 or JM107 could not express the 4-NDPE cleavage activity 
which could be detected directly on LTFN agar medium. The
95
cloned dpe gene, however, expressed the ary1-aryl ether 
cleaving activity to DPEs as well as the aryl-alkyl ether 
cleaving activity to p-nitroanisole as discussed in this 
chapter and chapter III. Besides the different specific 
activities encoded by these two genes, different plasmid- 
encoding gene products were also identified between pDPE21 and 
pJC39 which carried dpe and aryletherase genes, respectively 
(chapter III of this dissertation; Cary, 1986). A 21 kDa 
peptide was identified as the products of dpe gene, whereas, 
a 31 kDa peptide was detected from plasmid pJC39 containing 
aryletherase gene.
DISCUSSION
The isolated bacterium PE7 was found to be a gram- 
negative , aerobic, nonmotile, and spherical to short rod. 
Partial characterization displayed that it is most likely an 
Acinetobacter sp. as described in Bergey's Manual (Krieg fit 
a l . . 1984). More tests such as the mole % G + C of the DNA
need to be done in order to identify this isolate. This 
bacterium has been demonstrated to be capable of utilizing 
salicylic acid as sole carbon source as well as degrading 
diphenyl ethers. However, it lacks the degradative ability to 
breakdown 4-HDPE.
Unlike PE7, Erwinia b p . CU3614 showed a considerable 
degradative activity against a wide variety of DPEs, 
especially 4-HDPE. The clone of doe gene from this strain also 
conferred the host strain E. coli JM107 an enhanced activity
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to degrade DPEs. The specific activity of DPE degradation in 
E.coli JH107(pDPE21) is 4-CDPE > 4-NDPE > 4-HDPE rather than 
4-HDPE > 4-CDPE > 4-NDPE in Erwinia an. CU3614 (Table 3 in 
Chapter XI). The ability of Erwinia ep. CU3614 to degrade 4- 
HDPE in the presence of copper ions (Chapter II) was 
contradictory to our observation of the expression of dpe 
gene. The cloned dpe gene may be only one of a cluster of 
genes to degrade DPEs in Erwinia so. CU3614. This was 
demonstrated by the comparison between doe gene and 
aryletherase gene which were cloned from different DNA 
fragments of Erwinia b p . . respectively. Both genes encode 
proteins of different molecular weights although they show 
similiar activities to aryl-aryl or aryl-alkyl ether cleavage.
It was of interest to introduce the Erwinia b p . dpe gene 
into PE7 and study the enhancement of DPE-degrading activity 
caused by the expression of doe gene in this heterologous 
host. For this purpose, a broad-host range plasmid pKT2 30 was 
used to subclone doe. High expression of xylE (catechol 2,3- 
oxygenase) by utilizing Km or Sm resistance gene promoter has 
been reported (Bagdasarian and Timmis, 1981) . However, several 
trials to insert the 2.1 kb Hind III fragment from pDPE21 
directly into Km or Sm resistance gene of pKT230 were 
unsuccessful. The failure of expression of dpe gene in pKT230 
may be due to the poor utilization of Km or Sm resistance gene 
promoter for the transcription of dpe gene. Plasmid pDPE2388 
was constructed, therefore, by inserting a fragment containing 
doe gene flanked by sp6 and T7 promoter into pKT2 30.
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Expression of dps gsns in JM107 (pDPE238B) could bs detected 
on LTFN agar medium. The introduction of plasmid pDPE2388 into 
PE7 was performed by conjugation. However, transconjugants 
were isolated at very low frequency. The low mating frequency 
was probably due to the restriction systems of this wild 
strain PE7 which has not been developed to be an appropriate 
host. Subsequent tests are necessary to study the stability 
of this plasmid in PE7. The expression of Erwinia so. gene
in PE7 was detected in resting-cell assays with mixtures of 
DPEs. The expression of doe gene in PE7 still displayed a high 
specificity to attack 4-CDPE as in E. coli.
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Figure 1. Scanning electron photomicrography of the salicylic 
acid-utilizing bacterium isolated from a petroleum pit in 
Louisiana. The bacterium was grown on SA agar medium for 24 
h at 30° C. Bar, 1
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Figure 2. Plasmid constructions. The 2.1 kb Hind III fragment 
(thick black line) containing dpe gene was cloned from Erwinia 
s p . genomic DNA into the multiple cloning site in lacZ gene 
of pUC19 to make pDPE21. This 2.1 kb Hind III fragment was 
then subcloned into the multiple cloning site of pSP73 to make 
pDPE7321. A 2.7 kb Ssp I-Hoa I fragment containing dpe gene 
flanked by sp6 and T7 promoters was purified from pDPE7321 and 
subcloned into Sma I site of Km resistance gene in pKT2 30 to 
generate pDPE2388. Plasmids are not drawn to scale. Arrows 
indicate the direction of transcription. Antibiotic 
resistances are designated as: Ap, ampicillin; Km, kanamycin; 
Sm, streptomycin.
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Figure 3. Biodegradation of DPEs by bacterium PE7 
transformants. Resting-cells of acid-inactivated cells (A, 
used as control) and transformants, PE7(pKT230) strain (B) and 
PE7 (pDPE2 388) stain (C) , were incubated with DPEs (25 jiM each) 
for 24 h at 30° C, and then extracted and analyzed by HPLC. 
Peak 1: 4-hydroxydiphenyl ether; Peak 2: 4-nitrodiphenyl
ether; Peak 3: 4-chlorodiphenyl ether.
Time 
(min)
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Figure 4. Restriction naps of the 2.1 kb Hind III fragment 
carrying dpe gene (A) and the 3.1 kb Sma I fragment carrying 
aryletherase gene (B) . Restriction sites are as follows: A, 
Acc I; B, BamH I; H, Hind III; N, Nru I; P, Pst I; Pv, Pvu II; 
R, EcoR I; S, Sal I; Sm, Sma I; X, Xho I.
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Figure 5. Hybridization of radioactively labeled probe pDPE21 
to Sma I (a) or Sal I (b) generated fragments of pJC39. (A) 
Autoradiogram of hybridization between southern transfer DNA 
from gel in B and K P-labeled pDPE21. (B) 0.7 % agarose gel
electrophoresis of restriction enzyme digests of pJC39. 
Molecular weight markers fHind III digested phage lambda DNA) 
used to determine size of fragments are indicated on left of
B.
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Table 1. Characteristics of Isolate PE7.
Characteristics PE7
Morphology
Sporulation
Pigmentation
Motility
Aerobic
Gram reaction
Oxidase
Catalase
Glucose fermentation 
Lactose fermentation 
Mannitol fermentation 
Starch hydrolysis 
Casein hydrolysis 
Gelatin hydrolysis 
Methyl red 
Voges-Proskauer 
Citrate 
h 2s production 
Nitrate reduction 
Salicylic acid 
Growth factors
short rod to spherical
+
+
acid, no gas
basic, no gas
+
no requirement
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Table 2. Degradation of diphenyl ethers by E. coli JM107 
transformed with plasmid pUC19, pDPE07, and pDPE21.
DPE 
(25uM)
% Depletion*
JM107
(pUC19)
JM107
(pDPE21)
JM107 
(pDPE07)
4-HDPE 0 6 5
4-NDPE 20 51 28
4-CDPE 0 62 22
a. Combined data from resting-cell assays with 24h incubation
on DPEs.
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Table 3. Degradation of diphenyl ethers by the isolate PE7 
transformed with plasmid pKT230 and the constructed plasmid 
pDPE2386.
DPE
( 2 5 U M )
% Depletion"
PE7
(pKT230)
PE7 
(pDPE2 388)
4-HDPE 0 4
4-HDPE 41 5 6
4-CDPE 2 6 5 2
a. Combined data from resting-cell assays with 24h incubation
on DPEs.
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